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Abstract Impact damage is a serious damage mechanism in composite materials, which
limits their performance and reliability. Impact damage can occur during in-service
applications or as a result of handling during manufacturing. Methods used currently for
damage detection are based on different principles, and for that reason, they give a range of
results no matter what the real damage is. Therefore, a comparison of the internal real
damage with the flaw indications of a glass fibre–reinforced polymer (GFRP) laminate
made with two non-destructive technique (NDT) methods has been investigated. Laser
shearography measurements and C-scan ultrasonic detection were compared. Metallo-
graphic examination and surface indentation measurements provided information about the
character of the real damage. Such a comparison has not yet been published because laser
shearography is considered a qualitative technique. Each NDT method was able to visualise a
different type of damage. The knowledge of the applicability of these methods is the key to
taking advantage of both methods by combining their respective strengths. In terms of the
reliability, simplicity and rapidity of all of the mentioned techniques, laser shearography turned
out to be the most suitable method for the detection of barely visible flaws. The C-scan was
more appropriate for precisely defining the inner damage. The tested material was a laminate
typically used for ultralight aircraft. Information about the extent of damage is very important
for airplane certification and maintenance.
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1 Introduction

The expanding market of fibre-reinforced polymer composites for aerospace applications
increases the need to identify damage that can radically decrease a material’s performance.
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The variety of damage types is dominated by delamination. However, other types of
heterogeneities caused at the manufacturing level or during in-service applications can also
reduce the greatly exploited specific mechanical properties of composites [1, 2]. The
different types of impact damage that occur can be divided into two basic categories—VID
(visible impact damage) and BVID (barely visible impact damage). VID flaws can be
detected by a general inspection and often without any special devices. Meanwhile, BVID
flaws are very rarely detectable without using special equipment. These BVID flaws are
often defined as millimetre deep dents. Some laboratories and manufacturers use slightly
different values. For example, Boeing Design Criteria for Damage-Tolerant Carbon Fibre–
Reinforced Polymer (CFRP) [3] defines BVID as small damage that may not be found
during heavy maintenance general visual inspections using typical lighting conditions from
a distance of 1.5 m. Typical dent depths fall in the range of 0.25 to 0.5 mm.

Impact induces delaminations at various interfaces distributed throughout the thickness.
Most delamination defects are distributed in deep locations, especially at h/3 and h/2 [4] for a
laminate thickness h, where h=0 for the impacted surface. The distribution through the depth
can be compared to the frustum of a cone [5]. After the maximum delamination, the
delamination defect size again decreases with depth. The total distribution of the damage as a
function of depth can be modelled as two frusta of a cone with the maximum delamination as
the common base. The extent of the damage is affected by a large number of parameters, such
as nose shape and mass of impactor, impact velocity, types of fibre and matrix, interfacial
treatment, fibre volume fraction, layup, laminate geometry, boundary condition and even pre-
stress [6]. It is very difficult to determine the correlation between impact energy and
delamination damage when the effect of each of these parameters is considered.

The energy-based approach is more suitable to determine the extent of damage than a
force-based approach [7]. However, the use of kinetic energy as the impact parameter has
disadvantages for large-mass (low-velocity) impacts because delamination damage varies
with transverse plate stiffness, which is a function of plate size and the boundary conditions
[8]. A complete energy balance for the impact of FRP laminates includes three major
energy terms: the energy stored elastically, the energy absorbed in the creation of matrix
damage and the energy absorbed in the creation of fibre damage. There are also two smaller
terms: the energy of permanent indentation and a system loss term.

All non-destructive techniques (NDT) are limited by time and costs. Inspection
techniques must be rapid and reliable. This paper deals with one of the most widespread
techniques, the ultrasonic method, and with another method that is quickly being adopted,
laser shearography. The aim of the paper is to evaluate different aspects of these methods
from the point of view of real defect detection, BVID detection and inspection time. The
presented NDT for planar inspection use different techniques, and they are therefore able to
evaluate the state of a material in different ways. To ensure the safety of the structures, it is
necessary to be able to evaluate the real damage.

The ultrasonic method is the classic and most widespread method used for delamination
detection in a Carbon Fibre–Reinforced Polymer (GFRP) laminate [9]. Conventional
ultrasonic investigation used for NDT is based on observations of the amplitude and the
time variations of the mono-frequency input [10]. Another approach to NDT is based on an
analysis of the non-linear response induced by flaws when using spectral data to detect and
localise damage [11]. An alternative technique called Thermosonics (or Sonic IR) [12] is
also used to identify and locate impact damage. In contrast to pulse thermography, this
method is based on the observation of damage while the material is heating up. This is
accomplished by exciting the sample with a short pulse of high-energy ultrasound radiation
while an IR camera monitors the sample.
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Laser shearography is still not a widely used NDT, but it provides many advantages in
terms of very fast and full-field detection. A detailed description of the shearography
principle and its interpretation can be found in references [13] and [14]. The stressing
techniques needed for interferometric measurements of the loaded state are still being
developed. A classic method uses thermal heating. One of the most recently researched
techniques is impulsive thermal stressing by Xenon flash lamps [15]. Vibration excitation
shearography has been studied as well [16].

Impact damage is a classic type of flaw that is detectable by shearography or other
interferometric methods. The authors of reference [17] determined that the interferometric
electronic speckle pattern (ESPI) method was able to identify the presence of impact
damage, with the efficiency dependent on the through-thickness location of the
delaminations produced by impact. The adoption of the ESPI technique, which is
applicable to shearography, allowed significant reductions in inspection times, but
quantitative estimates of the impact damage were drastically impaired by the high level
of speckle noise typical of the technique.

Laser shearography is widely used for aerospace structures. Reference [18] describes one
of the first industrial installations of laser shearography in Europe, a fully automatic
inspection system for helicopter rotor blades. Entire rotor blades can be inspected within 10
minutes for delamination and debonding in the composite structure. Reference [19]
described a few examples of applications in the aerospace industry that make use of NDT
for composites, e.g., GLARE panels, honeycomb structures and glass (or carbon) fibre–
reinforced plastics. The authors of reference [20] used laser shearography NDT to inspect
wind turbine blades. The shearography technique was able to provide consistent
documentation of the damage growth under fatigue loading of a honeycomb structure with
a carbon/epoxy skin [21].

Several works compare various NDTs. Reference [22] compared shearography with C-
Scan detection for carbon fibre–reinforced sandwich panels. The authors of reference [23]
made an extensive comparison of shearography and active thermography. Another
comparison of three different NDTs—electronic speckle pattern interferometry (ESPI),
shearography and ultrasonic C-scan—for inspecting damaged laminate composites was
made in reference [24]. Reference [25] compared ESPI and laser shearography and stated
that both methods are able to detect the location of circular defects and to partially detect
the severity of the defect. Reference [26] assessed laser shearography and the C-scan
technique for the detection of high-velocity impact defects in advanced composites.
Because of the low contrast of shearograms, no quantitative results were presented.

All of the mentioned papers deal with surface measurements. A comparison of detected
signals and flaw sizes has not yet been conducted from the point of view of the real inner
damage based on fractographic studies. Laser shearography is considered a qualitative
technique. This paper investigates the possibility of conducting a quantitative evaluation of
impact damage using laser shearography.

2 Experimental Procedures

2.1 Material and Impact Test Setup

A glass fibre–reinforced polymer laminate with an epoxy matrix that was 3.5 mm in
thickness was used. The laminate had the following orientation of the 8H satin weave
fabric: [0/45/90/0/45/0/90/45/0]. There was one more plain weave 0˚ layer on each surface.
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This 11-ply laminate was cut into 9 rectangular specimens. The specimens were
impacted by a 16 mm diameter, 5440 g mass impactor with energies from 5 to 40 J,
which correspond to impact speeds of 1.36 to 3.83 m.s-1, respectively. The energy
values of impact were chosen based on the impact threats for aircraft structures that can
arise from different causes, such as falling tools (4 J), runway debris (12–22 J) or hail
impact (30–35 J) [27].

This configuration is considered a large-mass dynamic impact loading. The velocity
detector was adjusted to measure the velocity just before the nose struck the specimen.
Multiple impacts were prevented. The laminates were clamped vertically by a plate with a
hole. Figure 1 shows the experimental setup for the impact test.

2.2 Residual Impression Measurement

Residual impressions can barely be detected in practice by a classic visual inspection,
especially when the damage can be classified as BVID. It is generally assumed that
indentations with depths less than 1 mm belong to this group. The surfaces of the
indentations were scanned with an indicator gauge with a resolution of 0.01 mm. These
contact measurements of the z axis (depth) were recorded over the line going through the
middle of the dents. In addition, some specimens were measured in more detail over the
whole area around the dent with a grid size of approximately 1 mm. The dent profile size
was evaluated by applying 5% gradient lines to the edges of the dent. An indentation
diameter was determined from the distance of the two intersection points defined by the
supporting lines and the dent profile (Fig. 2).

2.3 Laser Shearography Measurements

A damaged area inspection with the laser shearography is based on an optical measuring
technique, which uses coherent light for an interferometric inspection of materials. A
sample is illuminated by a laser and visualised on a CCD camera via a special optical
shearing element. The shearing element makes a coherent superposition of two laterally
displaced images of the surface. The displacement is called a shear. The superposition of the

Fig. 1 Impact machine set-up
with a clamped specimen
between 2 boards

396 Appl Compos Mater (2012) 19:393–407



two images is called a shearogram; it is an interferogram of an object wave with the sheared
object wave as a reference wave. Figure 3 explains the measuring procedure.

A Q-800 Dantec Dynamics system with ISTRA software was used for the data
measurements and the evaluation. The apparatus was configured as follows: Two laser
diodes (2×70 mV) with a wavelength of 653 nm were attached to the shearographic sensor,
which had a resolution of 1392×1040 pixels (px). The camera had a Tokina 6–15 mm lens
with an opened aperture of f/1.4. The shear angle and distance were adjusted to 0 degrees
and 50 px.

The method has a maximum sensitivity as high as holography. The sensitivity is
approximately proportional to the shear distance when the shear distance is relatively small
[28]. The measuring sensitivity of the Q-800 is 0.03 μm/shear distance, which can be
calculated as 0.03/(50/1392) with the used shear base distance of 50 px. The theoretical
sensitivity was 0.83 μm. The filtering used significantly reduced the sensitivity, as will be
explained further.

Fig. 3 Principle of shearography: a reference image is taken, b tested part is loaded, c unloading induces
deformations and d images are superposed with the reference image

Fig. 2 Evaluation of an
indentation diameter from a
dent profile curve
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The specimen was loaded by heating with a 500 W lamp (OSRAM halogen lamp light
bulb 500 W R7S 64706) from a distance of 30 mm for at least 20 s. The dents with depths
below 0.1 mm had to be loaded by heating for 80 s, which will be described further at a
later point in the text. The changing deformation state induced by thermal contraction in the
gradually cooled specimen was measured several times over the course of a few minutes.

The recorded interferograms of any of the recorded states can be compared and doing so
produces fringe patterns. It turned out to be essential for maintaining the low noise level to
use the last interferogram from the measurement series as the reference image. The pattern
can be recalculated into a deformation gradient. Around a thermally loaded flaw, this
gradient is indicated by a typical “butterfly pattern”. The shear base distance should be
subtracted from the indicated flaw size measured on the butterfly pattern (Fig. 4).

The image can be improved by filtering the low and/or high frequencies directly with the
software. The low-pass filter determines the smallest details that are visible or how much
the result is smoothed. For the experiment, 10 px width of the Gaussian filter was used,
which corresponded to 1 mm. The high-pass filter removes information with low frequency
or large fluctuations, such as a rigid body movement or bending. More information is
removed for smaller parameter values. For this experiment, 200 px was used, which
corresponded to 20 mm.

2.4 Ultrasonic C-Scan Measurements

An ultrasonic C-Scan method was used to obtain the damage distribution of the cumulative
damage state. The method makes use of a manipulator with an ultrasonic probe in
immersion liquid and scans a topologic surface of the sample. Omniscan MX OMNI-P-PA
16128 connected to a PC was utilised to evaluate the results. Phased array 3.5L64 NW1
3.5 MHz Probe was used. The gate position and the threshold level were set to 25 and 40%
of the screen size, respectively. All the quoted C-scan images are shown in the amplitude
visualisation. The measurements were performed in the Department of Composite Product
Centre in Letov letecká výroba, s.r.o. in Prague.

2.5 Metallographic Examination

All of the specimens were cut by an IsoMet 4000 saw with an IsoCut CBN blade that was
0.63 mm in width. The blade velocity was 3450 rpm. A cut perpendicular to the surface
was made in a small distance from the middle of the dent. The transparent epoxy
metallographic mounting resin Ecoplast was used to mount the specimens. Automatic

Fig. 4 Recalculation of a
flaw indication size (r + b)
by subtracting shear b

398 Appl Compos Mater (2012) 19:393–407

GaoLe
高亮

GaoLe
高亮

GaoLe
高亮

GaoLe
高亮

GaoLe
高亮

GaoLe
高亮



grinding was performed with SiC P320 paper until reaching the marked line on the axis of the
dent. The MetaDi suspension with 9-, 6- and 3-micron particles was used for automatic
polishing. The Masterprep Polishing Suspension (0.05 μm) was used for the final stage of
polishing. An ultrasonic cleaning was performed between the polishing steps. The
metallographic microscope OLYMPUS GX 51 was utilised to evaluate the damage. Images
were recorded with the ARTRAYArtcam 300MI camera. Observed cracks were marked on the
recorded images, and then, the maximum horizontal distance between any of the cracks of a
specimen was measured to obtain an inner damage range. It is necessary to state that the
measured maximum crack extent depends on the cut location of a damaged sample. The centre
lines of dents were carefully marked and the corresponding cut planes reached by polishing.

3 Results

The residual impressions after impact were measured. Figure 5 shows the typical surface
shape of the 35 J dent, which was approximately 2 mm deep. The rest of the dents were
measured in a line parallel to one of the specimen’s edges. The dent profiles for different
impact energies are demonstrated in Fig. 6. The diameter of the indentation area is
determined on the basis of these profiles with the 5% gradient edge. The indentation depth
was measured as the minimum value of a dent profile. Dent depths show a general rising
trend with increasing of peak energy. The depth values vary from 3.4 mm for the 40 J dent
to less than 0.1 mm for 5 J dents. The 35 and 40 J dents were substantially deeper than the
rest of the dents formed with lower damage energies. This occurred because the laminate
was 3.5 mm in thickness, and there was not enough supporting material for the damage to
be absorbed. These values are summarised in the first part of Table 1. The deformation
profiles also include the diameters of the indentation areas measured using the 5% gradient
supporting lines. The maximum damage diameters vary from 6 to 19 mm as a function of
the impact energy. These values are shown in the same table.

Laser shearographic measurements were performed for all of the dents. The standard
loading involved a 20 s heating time. This approach provided indications of the dents

Fig. 5 Residual impression of a 35 J dent
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visualised by the typical butterfly pattern for all of the dents, except for one of the 5 J dents.
The indicated sizes with the subtracted shear are presented in Table 1. The sizes vary
between 5 and 20 mm and are comparable with the indentation areas, as will be further
described later. A C-scan was performed on specimens impacted by 5, 15, 25 and 40 J
energy. The values of the indicated sizes are shown in Table 1. On the one hand, the C-scan
indications are significantly higher than shearography indications for the high-energy dents,
mainly for VID flaws. On the other hand, low-energy damage was not indicated at all by
the C-scan method for the used parameters. The results for two selected specimens are
demonstrated in the following paragraphs.

The shearography evaluation of the indentations can be influenced by heating time,
which causes different rates of deformation. Figure 7a presents a specimen damaged by
three 5 J impacts and one 20 J impact. Additional interferograms under different loading

Fig. 6 Dent profiles of laminates
impacted by various energies.
The laminate was 3.5 mm thick

Table 1 The measurement results including indentation depth, maximum damage diameter and flaw
indication sizes for laser shearography and C-scan detection

Impact Energy (J) Indentation
depth (mm)

Maximum damage diameter (mm) Indicated size (mm)

Indentation area
(5% grad. edge)

Inner damage Shearography C-scan

5 (A) <0.1 N/A N/A 5.2 0

5 (B) <0.1 N/A N/A 5.9 0

5 (C) <0.1 N/A 2.4 0 0

10 0.21 6.5 12.7 8.6 N/A

15 0.28 7 19.2 12.1 17

20 0.38 9 20 12.8 N/A

25 0.49 11.5 23 13 22

30 0.61 13 27.5 15.8 N/A

35 2.03 17.5 28 20.1 N/A

40 3.37 19 30 19.9 32
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conditions were obtained for this specimen. The first measurement was performed after 20 s
of heating (Fig. 7b). In this case, only the 20 J impact was indicated. Then, 40 s of heating
was performed with the same result. Finally, 80 s of heating was applied to increase the
deformation gradient even more. This intensive loading indicated two of the three 5 J dents,
which were less than 0.1 mm deep (Fig. 7c). This image was recorded several seconds after
heating when the temperature decrease was sufficiently fast. However, the measurement of
the intensive deformation gradient reduced the visibility of the 20 J damage pattern.

Fig. 7 a Impacted specimen
surface with 4 dents where 5 J
damage is not visible, b phase
image of this specimen heated
for 20 s, c another phase image
of this specimen heated for 80 s
where even some 0.1 mm
deep dents can be detected,
d ultrasonic C-scan of the
corresponding area in amplitude
visualisation
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Some of the specimens were measured with an ultrasonic C-scan, which provides a
topological image of the laminate. The discussed four-dent specimen was used. Because
other kinds of specimen evaluations were also done, only the left part of the specimen with
5 J dents was measured (Fig. 7d). The C-scan did not detect any of these 5 J indentations
for the used parameters.

The second examined specimen was damaged by a 15 J impact (Fig. 8a). The phase image
of the shearogram indicated a dent with the typical pattern (Fig. 8b). An ultrasonic C-scan
provided a topological image that revealed the delamination of the 15 J damage (Fig. 8c).

A metallographic examination in a bright field illumination was performed on cross-
sections of the dents. The maximum range of the damaged area on the cuts was measured
and is noted in Table 1 as the inner damage. Figure 9a shows the cross section of a 5 J
impact location with minor ply cracks (matrix microcracking) in ±45˚ tows. A void due to
entrapped air is shown in the inter-ply region. Both the specimen surfaces are coherent.
Figure 9b shows the 10 J impact site with multiple ply cracks and delaminations on the
non-impacted (back) side of the laminate. Most of the observed delaminations can be
characterised as adhesive failure at the fibre (tow)-matrix interface. Fibre fracture is visible
in some 0˚ plies. The impacted (front) side for up to 1/3 of the specimen depth is
undamaged in the centre. Only delaminations along 0˚ tows are apparent further from the
centre. Figure 9c presents the 15 J impact location. The damage character is similar to the
10 J impact, but the area has a higher extent of delaminations, and the undamaged area
below the indentation is reduced. A void induced by impact damage is apparent. The back
surface of the laminate is broken which is the case for all of the specimens impacted by
energies greater than 15 J. Figure 9d shows the 20 J impact site. The damage consists of
delaminations and microcracks along and within tows that spread through the whole
thickness of the specimen. The cracks are connected to the extended formation. Fibre
fracture along the vertical axis is apparent. The indented surface is still coherent. Figure 9e
displays the 25 J impact location. Delaminations are widely opened and extend to larger
distances from the indentation area. Fibre fracture occurs throughout the thickness. The
front surface is not broken through. Figure 9f shows the 30 J impact in which both the front
and back surfaces are breached. Transverse cracks in the resin-rich areas connect horizontal
cracks along adjacent plies.

Figure 10 summarises the results of the damage indications compared with the real
damage state and the indentation area diameter. Circular points correspond to the inner
metallographic results, dagger-shaped points correspond to the indentation area diameter
and the remaining points represent the C-Scan and shearography results. The inner damage
diameter plotted against impact energy can be fit by a logarithmic curve. The same can be
done for the C-Scan values. The curves have very similar parameters. It can be stated that
the ultrasonic C-Scan method evaluated the real damage effectively. The shearography
indications and the diameter of the indented surface can be fit by a linear relation. It can be
concluded that shearography is the most suitable method to detect surface residual
indentations. Moreover, the measurements are very rapid, and the technique is capable of
detecting even the smallest damage from a 5 J impact.

4 Discussion

A plot of projected delamination damage and impact energy for a thickness of 3.6 mm for
quasi-isotropic CFRP T300/914 laminate was published in reference [5]. One range
represented the energy up to 6 J in which there was no damage. All of the energy was
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absorbed through elastic deformation. This fact corresponds with the submitted results in
which negligible inner damage was found for the impact energy of 5 J. Nevertheless, laser
shearography was capable of detecting this damage as a surface impression. Additional
significant evidence for the existence of a delamination threshold load for low-velocity
impact loading on composite laminates has been presented [29]. In general, the tougher the
matrix and the stronger the interface, the less damage is expected. At elevated temperatures,
however, the matrix resin becomes so soft and compliant that it cannot withstand an impact
event that would not normally cause damage at room temperature [30, 31].

According to reference [5], the range of energies from 6 J onward was absorbed during
the creation and propagation of damage, in addition to the elastic deformation. In this
phase, the delamination damage increased very rapidly with the increase in impact energy.
The damage distribution moved its maximum towards the opposite side of the laminate.
Our metallographic results confirm this fact. This effect makes it clear that the shearography
technique underestimates the size of the inner damage as a function of the impact energy,
which moves the peak of damage further from the surface.

Fig. 8 a Impacted specimen sur-
face with a 15 J dent, b phase
image of this specimen heated for
20 s, c ultrasonic C-scan of the
corresponding area in amplitude
visualisation
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The C-scan technique detects inner damage effectively. However, it is not able to detect
small damage from 5 J impacts for the given material configuration. The ultrasound
techniques detect discontinuities within a part or structure by means of a reflection. If none
of the contacts between plies have failed and only surface deformation is present, this
technique is unable to detect this small flaw. The metallography confirmed that this 5 J

Fig. 9 Cross-sectional photographs of the woven glass fabric laminate in a bright field illumination.
Observed damage for various impact energies is described
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damage causes only negligible inner damage, so it was not indicated in the ultrasound. This
is the reason why C-Scan cannot detect small BVID flaws. The C-scan method can be also
very time consuming since a 2-D robotic carriage system is required for scanning [32].

5 Conclusion

Two different NDTs have been compared to evaluate their ability to detect real inner impact
damage in glass fibre–reinforced laminates. A metallographic evaluation was performed to
determine the real state of the material. Moreover, the residual impression after impact was
measured.

To conclude, laser shearography detects the surface residual indentation and reacts to
surrounding damage. Even small damage from a 5 J impact that causes 0.1 mm deep dents
with negligible delamination can be detected by laser shearography. This surface
deformation can lead to a decrease in the toughness of construction, which may result in
a reduced bearing capacity. In contrast, the VID results are undersized, and the sensitivity
decreases with the flaw depth. The minimum detectable size of delamination could not be
stated because the surface indentation rapidly develops the indication pattern, which
overlaps the indication of any small inner damage.

Laser shearography is a rapid method for the detection of any surface damage that can
then be analysed with other NDT techniques to obtain the real inner state of the material. It
is important to consider that, in this paper, the defined relationship between BVID, VID,
and impact energy is limited to the boundary conditions used during the damage realisation,
and the relationships can be different. All of the other statements are generally valid for
GFRP.

Fig. 10 Comparison of the
maximum diameter of the inner
damage, the indented surface area
and the detected flaw indications
with two NDT techniques—the
ultrasonic C-scan and laser
shearography
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