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Abstract
Low-velocity impact in carbon fibre reinforced polymer (CFRP) is a known cause of failure in aerostructures. Nondestructive evaluation (NDE) is used to detect defects in CFRPs. The present paper aims to compare the features and capabilities of different NDT methods to detect and quantify impact damages in CFRP laminates. To evaluate the impact damages, ultrasonic testing (UT), pulse phased thermography (PPT), and shearography are examined. These methods are conducted to evaluate damages for different impact energy (10
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) on laminate composite. The extents of the damages are quantified using ultrasonic testing. Base on the ultrasonic results, the defect sizing capability of infrared thermography techniques and shearography are evaluated. The experiments show that infrared thermography and shearography are effectively able to quantify the defects. Moreover, shearography presents a qualitative correlation between fringe density and level of impact energy.
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1.  Introduction 

CFRP has been increasingly used in aerospace structures due to their specific mechanical properties such as high strength to weight ratio [1]. Typical damage scenario in CFRP is the low-velocity impact (LVI) which is susceptible to cause transverse cracks, fibre breakages, and multiple interlaminar delaminations. It is therefore, a known cause of premature failure in aero structures [3]. To reveal and evaluate this damage, adequate NDE methods are needed [4]-[5] at different stage of fabrication, maintenance and service [2].

Among available NDE methods, visual testing (VT) is, at the same time, the simplest and the fastest one. However, VT has an inherent disadvantage in the characterization of impact damages: in some cases, internal failure mechanism absorbs impact energy without showing any external sign of flaw [6]. UT has an excellent ability in sizing and revealing the location of flaws such as matrix crack and delamination in CFRP [7]. However, UT is time-consuming, and requires a contact medium [8]. Infrared thermography (IRT) techniques are reported as a practical method to evaluate the nature and the extent of defect in the laminar composites [9]. As an IRT technique, pulse thermography (PT) is particularly effective because a large section of the structure can be imaged at a time. PT is however sensitive to the variation of surface geometry, environmental noises and uneven heating [10]. For these reasons, pulse phased thermography (PPT) is conducted to increase the quality of the thermal image. However, PPT needs image processing, such as phase transformation and spatial filtering for high-quality phasegram. [11]. Under loading condition, structural defects in CFRP cause strain concentration that could be detected by shearography which is sensitive to strain anomalies caused by such weaknesses. A disadvantage of shearography is that defect types other than delamination are hard to detect [6].

Due to the complexity of damage mechanisms in impacted laminate composites, evaluation methods can overestimate or underestimate the defect. The current work is an experimental study which evaluates the features and abilities of different NDE methods: namely UT, IRT and shearography. These methods are used to detect and characterize LVI damages in composites. Their advantages and drawbacks are then presented.
2.  Inspection Technique
In this section, a description of the selected methods and experimental procedures, are presented. In the experiments, the extents of the damages are quantified using ultrasonic testing. Based on the ultrasonic results, the defect sizing capability of infrared thermography techniques and shearography are evaluated.
2.1. Ultrasonic

A pulse-echo UT technique is performed to detect impact damage on the laminates. This method is used for flaw sizing and thickness measurements. However, traditional pulse-echo has some limitations for damage detection in laminated composites. C-scan 2D images reveal the size, and depth of the defects. In the experiment, the ultrasonic C-scan is performed from the impacted side. The inspection is conducted using an immersion tank with two 13-step millimetre encoders using the Zetec Topaz system, with a 64-element 5MHz probe configurated with an active aperture of 18 elements.

2.2. Shearography

Shearography is an optical technique based on the interference of laser speckle patterns. The principle of the speckle interferometry involves a comparison of the recorded speckle patterns before and after stimulating the specimen by a thermal or mechanical load. Measuring the variation of the speckle patterns leads to a phased shearogram. Change in the phase map correspond to the spatial derivative of the out-of-plane displacement [12]. For the shearography test, a DANTEC Q-800 portable shearography system with eight lasers of 120 mW at a wavelength of 660 nm is used. The data is analysed by ISTRA4D X 86 software. Thermal stress is used to induce deformation for making the shearograms [13]. A heating lamp of 750 W applies a thermal load for 10 seconds, and the images are recorded for 10 seconds during cooling by natural convection.
2.3. Infrared thermography

For infrared thermography, PPT techniques are conducted for the inspection. In pulse thermography, a specimen is heated with a short thermal pulse. While the thermal pulse travels through the material, an infrared camera records the temperature of the surface at regular interval time. The captured sequence form a 3D matrix of pixels, and their value corresponds to the temperature [14]. In PPT, the sequence is processed using Fast Fourier Transform (FFT) [11].
In this study, the acquisition is performed using cooled Telops camera (640×512 pixel array) and two Hensel flash lamps each generates 3 kJ heat pulse in 4 ms. The frames are recorded for 25 seconds in the cooling process with a frequency of 50 Hz. The lamps were placed at an angle of 45° and a distance of 0,4 m. Matlab with IR-view [15] is used to calculate phase and amplitude images.
3.  Inspected parts

The sample studied in this work are three 30 cm×30 cm CFRP test coupons which are composed of 16 plies of unidirectional prepreg tapes (Cycom 5276) with a quasi-isotropic layup 
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[16]. The thickness of the samples is 2.3 mm, and they are impacted at energy levels of 10J, 15J and 25J using a drop-weight impact system. The impactor has a mass of 5.5 kg and the striker tip has a diameter of 16 mm according to ASTM D7136/D7136M-15 standard . A summary of the three samples is shown in table 1.
	Coupons
	
	Impact Energy

	E2
	
	10J

	E3
	
	20J

	E4
	
	25J


Table 1 Impact intensity

4.  NDE results
In the following section, the test results are presented and discussed in detail. The test indications are shown, and sizing ability of the methods are compared.
4.1.Ultrasonic

Results from the UT inspection are shown in Fig.1. The depth of the indications is color coded blue for the near-surface signals and red for the back wall indications. 
The results show that multiple delaminations are formed around the impacted area at different depths. The centre of the damaged zone, coded in blue, corresponds to surface deformation induced by the impact. For these pixels, the surface deformation causes local loss of the signal due to the non-normal incidence of the ultrasonic beam.
Table 2 presents the C-scan estimation of the damaged areas for the three impact values. The results show that higher impact energy induces larger damage extent. The measured defective areas are considered as a reference to evaluate the differences of the other methods in terms of defect sizing.
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	(a)
	(b)
	(c)


Figure 1 C-scan time of flight image of the damages (a) E2 sample impacted by 10J, (b) E3 sample impacted by 20J and (c) E4 sample impacted by 25J
4.2. Shearography
The shearography results show that all the impact damages are detectable by this method. (table 2). The size of the defects is measured by the full-width half amplitude for the defective area in the shearing direction.
The indication sizes are 310 mm² for 10J, 394 mm² for 20J and 487 mm² for 25J impact energy for 2,4 mm shearing distance. The shearograms illustrate that the size of the defects is proportional to the value of the impact level. Furthermore, the wrapped phase shearograms (Fig. 2) demonstrate that the intensity of the impacts is corresponding to the fringe density. In that way, the severer impact damage is identified by an indication with a higher fringe density. 
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	(a)
	(b)
	(c)


Figure 2 The shearography images of the damages after the thermal load, (a) E2 sample impacted by 10J, (b) E3 sample impacted by 20J and (c) E4 sample impacted by 25J, for the pixel size of 0.27 mm

4.3. Thermography

For PPT, the phasegrams was captured in the minimum available frequency of 0.03Hz. To increase the phasegram quality, a cold image subtraction (CIS) and recursive median filter (RMF) are applied by IR-view software [17]. In the phase images, all the defects are clearly visible, Fig. 3. Since the irregular boundaries of the multiple delaminations produce complex heat diffusion through the thickness [10], It causes underestimate damage sizing in PPT result. Table 2 shows the size of the indications, while the flaw sizing is conducted according to ASTM E2582-07 [18].
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	(a)
	(b)
	(c)


Figure 3 The phasegrams for (a) E2 sample impacted by 10J, (b) E3 sample impacted by 20J and (c) E4 sample impacted
Table 2 Comparison of the measured areas with different NDT techniques, the differences are calculated with considering the UT sizing as the reference
	
	
	Method

	Coupons
	C-scan
	Shearography
	PPT

	
	Area(mm²)
	Area(mm²)
	difference (%)
	Area(mm²)
	difference (%)

	E2
	441
	310
	29.7
	265
	40

	E3
	522
	394
	24.5
	352
	32.5

	E4
	547
	487
	11.5
	408
	25.4


5.  Discussion and conclusion
In this work, three NDE methods were applied to study their capability in terms of detecting impact damages in CFRP. Therefore, the three coupons with different levels of impact damage were used. The size and shape of the indication for each method were compared. 
The conclusion is, the applied techniques can be used as a reliable method to detect these level of impact damages in the CFRP laminate. PPT gave the high-resolution image for all the coupons in a relatively fast process. For shearography, the results showed, with the same size of impactor, the fringe density of the indications are proportional to the value of impact energy. This capability is a promising feature of shearography to evaluate impact damage.

Concerning the shape and the damage size, UT results have more visual detail about the shape of the defect. PPT and shearography underestimated damage sizes with half of amplitude sizing method in comparison to UT. Although shearography sizing was closer to UT results, in comparison to PPT, it seems that the full-width half amplitude is not a precise method to size the impact damage for the two methods. Therefore, to address the issue, other sizing criteria should be implemented.
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