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ABSTRACT 

The performance of defect detection in composite materials using digital shearography is important for correct decision-
making in non-destructive testing. In this work, we compared a high-resolution 24-megapixel digital still camera (DSLR) 
and a conventional medium-resolution 5-megapixel camera to determine the detectability of blind holes in an aerospace-
graded carbon-fiber reinforced polymer (CFRP) sample. The hole diameters ranged from 0.2 to 3 mm with a material 
thickness of 4 mm and the test sample dimensions of 200×200 mm. The sample was heated and observed from the front 
(defect-free side) by three halogen lamps for 5 minutes in pulsed heating mode. Speckle interferograms were acquired 
during the heating and cooling phases from both cameras simultaneously using identical shearing interferometers and 
shearing distances. Phase maps were calculated using the 4+4 temporal phase step algorithm and then unwrapped. Further, 
defect-induced deformation (DID) phase maps were obtained by polynomial curve fitting. The DID phase maps obtained 
from the two cameras were compared. Blind holes with diameters up to 1 mm were detected, which are one of the smallest 
defects detected with shearography and reported in literature. In addition, the DLSR camera was able to detect holes of 
0.8 mm in diameter. We observed that nearly comparable detection capabilities were obtained from both cameras, even 
though the spatial resolution of the second camera (DLSR) was 5 times higher. Possible reasons of this limitation include 
effects such as fiber-related deformation in CFRP and speckle noise. 

Keywords: digital shearography, nondestructive testing, composites, carbon-fiber reinforced polymer, thermal loading, 
high-resolution camera 
 

1. INTRODUCTION  

Carbon-fiber reinforced polymers (CFRP)1,2 are extensively used both in aerospace and marine applications due to their 
higher strength and stiffness in combination with their light weight. Due to delamination and fiber breakage caused mainly 
by external stresses, the structural integrity of composites may degrade significantly3. Nondestructive testing (NDT) 
techniques are required to improve the safety and reliability of CFRP structures. NDT of thin composite structures 
employed in aerospace engineering has been studied extensively4. Among the various NDT methods available, 
shearography is an optical interferometric technique with the advantages of high-sensitivity to deformation changes, full-
field observation capability, robustness to environmental disturbances, real-time results, and non-contact measurement. It 
directly measures the derivatives of surface deformation, which are closely related to surface strain components5,6. This 
allows shearography to inspect structures by looking for defect-induced anomalies in the surface strain field directly from 
the fringe pattern and/or phase maps.7 

A vital procedure for shearography NDT is to load the test object during the inspection. Of the various loading techniques 
available, thermal loading has been used frequently5,8. Akbari et al.9 studied the thermal loading parameters in a 
shearography test by using a numerical-experimental approach. As mentioned, even though applications for shearography 
NDT of thin composite materials were well discussed in the literature, an inspection of thicker composites has been 
conducted by relatively few researchers10,11. More recently, Tao et.al 12,13 have performed a numerical-experimental study 
on the defect detection capability in thick fiber-reinforced composite laminates. While it successfully detected defects in 
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thick materials, the size of detected defects (flat bottom holes) was relatively large (60 mm in diameter and 30 mm in 
depth)12. Following some of the recent developments for thick composites, this paper addresses defect detection 
capabilities in carbon-fiber reinforced composites with a thickness of 4 mm. 

A possible way to increase the sensitivity of detection is by increasing the spatial resolution of the imaging device. If a 
higher-resolution imaging device is used, the detection sensitivity of the shearography could be improved, especially for 
smaller defects. Conventional video-rate cameras are limited to a maximum spatial resolution of about 
6 Megapixels (MP)5. Recently high-resolution digital still cameras, having a resolution of up to 24 MP have been 
successfully employed in shearography14,15 which resulted in improved spatial resolution in phase-shifting. It would be 
interesting to use these high-resolution cameras for non-destructive testing applications in shearography, particularly for 
the testing of composites with smaller defects. It would also be interesting to compare their performance with the medium-
resolution cameras used in conventional shearography systems. 

2. EXPERIMENTAL DETAILS 

A set of blind holes was drilled in the reverse side of a 4 mm thick CFRP sample made from CYCOM 977-2 by Cytec 
with [0/90]s layup (Figure 1 (a)). The holes diameters ranged from 0.2 to 3 mm with depths from 1 to 3 mm (Figure 1 (b)). 
None of the holes reached the front side, and therefore, were hidden from view from the front side. It should be noted that 
the depth of the defects (blind holes) is defined in this paper as the remaining thickness of the material after drilling and 
not the depth of the blind holes. Also, these holes were drilled with conventional drills (cone of 135 deg), so these are not 
strictly the flat bottom holes that are often used as reference defects for non-destructive testing4,12,13. 

 

Figure 1. Photograph (a) and sketch (b) of the CFRP specimen with blind holes. 
Units in mm. Note, ø3.0 refers to holes with a diameter of 3 mm. 

The CFRP specimen was inspected by a modified 3D shape shearography instrument16 from the opposite (front) side of 
the holes in an attempt to detect their presence (Figure 2). One mirror of the Michelson interferometer (Figure 2 (a)) was 
tilted by a fixed amount to impart a given amount of shear (𝑑𝑥, about 3.5 mm in the horizontal direction) to the two 
speckled images reflected from the two mirrors of the interferometer. Each camera has its interferometer with identical 
optics mounted adjacent to it with an equal amount of shear. A Nikon D3500 single-lens reflex camera (DSLR) camera 
with a 24 MP sensor was used as the high-resolution imaging device and a 5 MP machine vision video camera (Basler 
Pilot piA2400) was used as the medium-resolution camera. Both cameras had the same aperture of f/8, however different 
lenses were used: Nikon 18-55mm f/3.5-5.6 (set at 55 mm) with the DSLR camera, Linos MeVis-C 1.6/25 with the Basler 
camera. 

The DSLR camera with the shearing interferometer was mounted above the medium-resolution camera (Figure 2 (b)). The 
specimen was illuminated by a Torus laser by Laser Quantum with about 200 mW of power at a wavelength of 532 nm. 
The field of view (FOV) of both cameras was approximately 200×200 mm, however, the resultant phase maps were 
cropped to exclude the specimen clamping region. 
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Figure 2. Shearography scheme and the instrument. (a) schematic of one shearing camera with the Michelson interferometer 
(both cameras had identical shearing interferometers; field of view (FOV), the shear distance 𝑑𝑥), 

(b) modified 3D shape shearography instrument with the DSLR camera. 

The specimen was heated from the front (defect-free) side by three 1000 W halogen lamps for approximately 5 minutes in 
a pulsed heating mode. Each heating cycle included 30 s of heating with the lamps on and 10 s with the lamps off to capture 
the interferograms. During these 10 s pauses and further in the cooling, the well-known 4+4 temporal phase stepping 
algorithm5,6 was used to acquire the phase maps. The temporal phase-shifting was realised by piezo-electric actuators PSH 
4z by Piezosystem Jena. As a result, sets of interferograms were captured by both cameras before the heating (reference 
state), during the heating pauses (after every 30 s heating cycle) and during cooling (every 60 s during 13 seconds of 
cooling; the frequency of measurement of 60 s was selected to result in a rational amount of data). 

3. RESULTS 

All phase-shifted sets of interferograms were processed to obtain shearography phase maps. The sequential approach was 
used, where phase change from neighbour data sets in time was calculated and then summed up with all phase changes 
obtained during heating and cooling. This was done for phase maps obtained with each camera independently. The 
processing of phase changes included the following steps: 

Step 1. Spatial filtering with sin/cos averaging filter with the minimal aperture of 3x3 pixels to preserve the spatial 
resolution. 

Step 2. 2D unwrapping to resolve phase jumps outside the range of [0, 2π]. 

Step 3. Compensation: defect-induced deformation (DID) phase maps were obtained by a polynomial surface fitting 
of the phase maps to exclude the phase change due to rigid body motion, bending and local deformation of the 
specimen. 

The total phase maps before the compensation (excluding step 3) for both cameras are presented in Figure 3 (a, b). These 
phase maps are a direct sum of phase changes over 8 heating cycles (of 30 s each) and during 8 minutes of cooling. Further, 
each phase change was compensated to reveal the DID and contributed to the total sum of DID (Figure 3 (c,d)). 
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Figure 3. Shearography phase maps: (a, b) the total phase maps for 24 MP DSLR and 5 MP machine vision cameras, 
(c,d) corresponding compensated phase maps. Dimension units in pixels, phase units in radians 

From Figure 3 (c,d) pairs of blind holes of ø3, ø2 with the depth (remaining thickness) of 1 mm in the red area and ø3 at 
2 mm depth (yellow area) can be detected in phase maps from both cameras. Holes of ø1, ø0.8 mm at 1 mm depth and ø2 
mm at 2 mm depth are barely detected. All holes at 3 mm depth (left part to the yellow) are not detected. 

Figure 4 (a,c) zooms into the area with blind holes at 1 mm depth with the corresponding cross sections (Figure 4 (b, d)). 
According to these results, ø1 and 0.8 mm holes at 1 mm depth have better visibility in the phase map from 24 MP DSLR 
camera. The 0.8 mm hole was probably detected by the 24 MP DSLR camera only (see Figure 3 (c,d)). 
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Figure 4. (a,b) Zoom into the defects at 1 mm depth (remaining thickness), 
(c, d) corresponding cross sections along the columns with the signals from the blind holes. 

Dimension units in pixels, phase units in radians 

 

4. DISCUSSION 

The differences in the total phase maps (Figure 3 (a, b)) on the left and right sides can be explained by an effective 
difference in the shear distances between two interferometers and a difference in the cameras orientation. The DSLR 
camera was located above the machine vision camera, effectively at a slightly different angle to the specimen surface 
which introduces the difference in the sensitivity vectors of both cameras. 

Defects up to ø1 mm at 1 mm depth can be detected in the phase maps from both cameras. The DSLR camera also enables 
detection of ø0.8 mm at 1 mm depth. 

The compensated phase maps (Figure 4) have a relatively high noise. One of the explanations may be a relatively slow 
phase-shifting procedure which took 10 s to record 4 interferograms. Additional delays were introduced to allow the DSLR 
camera to capture the frames. Such a long time for phase shifting with transient loading may cause additional noise and 
errors in phase reconstruction. 

To sum up, the performance of the DLSR camera, which had about 5 times the pixel resolution of the machine vision 
camera fell short of the expectations. There may be additional reasons which are not well understood at present, such as 
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fiber-related deformation in CFRP and speckle noise, which prevented the full spatial resolution of the DSLR camera from 
being fully utilized. 

5. CONCLUSION 

We compared the performance of two cameras, one high-resolution DSLR 24 MP and the other medium resolution 5 MP 
machine vision, in detecting small-diameter blind holes in CRFP composite material. Blind holes of diameters down to 
1 mm (0.8 mm for the DSLR camera) were detected, which are one of the smallest defects detected with shearography and 
reported in the literature. Comparable detection capabilities were obtained from both cameras, even though the spatial 
resolution of the DLSR camera was about 5 times higher. The reasons for this limitation are not well-understood at this 
point and more work is needed to explore the possible benefits of DSLR cameras in digital shearography. 
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