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Abstract

:

Carbon fiber-reinforced polymers (CFRP) are extensively used in aerospace applications. Out-of-plane wrinkles frequently occur in aerospace CFRP parts that are commonly large and complex. Wrinkles acting as failure initiators severely damage the mechanical performance of CFRP parts. Wrinkles have no significant acoustic impedance mismatch, reflecting weak echoes. The total focusing method (TFM) using weak reflection signals is vulnerable to noise, so our primary work is to design discrete-time filters to relieve the noise interference. Wrinkles in CFRP composites are geometric defects, and their direct detection requires high spatial precision. The TFM method is a time-domain delay-and-sum algorithm, and it requires that the time information of filtered signals has no change or can be corrected. A linear phase filter can avoid phase distortion, and its filtered signal can be corrected by shifting a constant time. We first propose a wrinkle detection method using linear phase FIR-filtered ultrasonic array data. Linear phase filters almost do not affect the wrinkle geometry of detection results and can relieve noise-induced dislocation. Four filters with different bandwidths have been designed and applied for wrinkle detection. The 2 MHz bandwidth filter is recommended as an optimum choice.
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1. Introduction


Carbon fiber-reinforced polymers (CFRP) are extensively used lightweight materials in aerospace applications as they exhibit rather high specific strength and good corrosion resistance [1]. CFRP parts used in the aerospace field are always complex curved surface products, such as aircraft engine fan blades, aircraft wings, and satellites’ motor cases [2]. Out-of-plane wrinkles are common defects in these complex parts, with the carbon fiber plies deviating from the anticipated direction. Wrinkles act as failure initiators in CFRP parts, severely damaging the mechanical performance (like tensile [3], compressive [4], flexural, and fatigue strength [5]). Wrinkles frequently occur inside the CFRP laminated parts, almost impossibly inspected from the surface. A wide variety of non-destructive testing (NDT) methods is established for detecting and evaluating out-of-plane wrinkles. These methods include visual inspection [6], eddy current method [7], infrared thermography [8], X-ray micro-computed tomography [9], and ultrasonic testing (UT) [10,11]. Visual inspection can only examine the surface or cross-section wrinkles by optical microscopy or the naked eye. The eddy current method is mainly limited by its detection depth, and only near-surface waviness can be detected [12]. Infrared thermography detects out-of-plane wrinkles by stress analysis with cyclic loading. This method is cumbersome to evaluate large complex parts, and its result is non-intuitive and susceptible to other stress concentration points [8]. X-ray micro-computed tomography can provide an accurate 3D geometrical image of a detected part. However, the low X-ray absorption contrast between the carbon fibers and epoxy polymers limits the sample size. X-ray micro-computed tomography is unsuitable for aerospace CFRP parts which are large complex parts. The ultrasonic technique is the most powerful method to detect wrinkles for aerospace CFRP parts.



The ultrasonic technique is already used in the aerospace industry to detect delamination [13], barely visible impact damage (BVID) [14,15], and debonding [16]. Lamb waves are commonly used for the structural health monitoring (SHM) [17,18] of large structures because they can propagate long distances along the component curvature to achieve a quick inspection. However, the signal of lamb waves is complicated to analyze and interpret, and the result is non-intuitive for geometrical defects, namely wrinkles. Bulk waves, especially longitudinal waves, are usually used to detect and size flaws in CFRP parts. Our work only considers using longitudinal waves to detect out-of-plane wrinkles in this paper.



Unlike delamination and transverse cracks, wrinkles do not break material continuity, so they do not generate significant acoustic impedance mismatch. It is challenging to detect wrinkles because there is no strong reflection response when the ultrasound wave encounters wrinkles [19]. Researchers have tried to exploit the slight impedance mismatch between the carbon fiber plies and resin-rich interplies. The slight impedance mismatch generates weak reflection echoes that contain faint spatial information of resin-rich interplies. The most classical method is the instantaneous phase method using pulse-echo ultrasonic inspection, extracting the phase information from the multi-layered structure echoes [20,21]. The pulse-echo ultrasonic inspection has a convenient, inexpensive advantage, and its signals are easy to analyze and interpret. However, this pulse-echo method utilizes only one-dimensional information, namely the normal incidence reflection response of the CFRP parts. Other pulse-echo methods, such as the instantaneous amplitude method with low-pass (LP) filtering and the Wiener deconvolution method with spectral extrapolation [22], require a higher center frequency. High-frequency ultrasounds suffer severe attenuation in CFRP materials limiting the detection depth. Theoretically, the normal interplies can be correctly located by these one-dimensional ultrasonic signals, but the inter-ply incline caused by wrinkles induces estimation error or even failure. The lateral resolution of a spherically focused immersion transducer is limited by the ultrasonic beam width. The ultrasonic beam width cannot be fully optimal throughout a thick CFRP part.



Linear array probes with multiple elements at distinct positions in the space can provide multi-dimensional and multi-angle signals that can theoretically correctly estimate the inclined interplies’ location. Phase array technology with the ultrasonic beam electronically steering at different angles is employed to detect and characterize wrinkles [23]. One steered angle can only inspect one side of wrinkles. A thorough wrinkle inspection using phase array technology requires repeat scans at different angles, which is time-consuming. The analysis and interpretation of scan data acquired by phased array technology with different inspection angles are also cumbersome for wrinkle characterization. The scattering matrix contains all the far-field scattered amplitudes of discontinuity defects from the given combination of incident and scattered direction. It is considered to carry information about the shape, orientation, and size of discontinuity defects (such as cracks or voids). The scattering matrix has been extracted to detect and characterize wrinkles [24], but this is an indirect detection method that allows statistically distinguishing wrinkles with different severity. A convolutional neural network (CNN) is the most common image recognition and analysis tool. It can achieve accurate classification without feature analysis and extraction manually. A CNN model with a short-time Fourier transform has been applied to analyzing ultrasonic data acquired by a linear array probe under full matrix capture (FMC) mode, and it achieves superior accuracy for wrinkle detection [19]. However, the CNN method is also indirect, and its results are statistical indicators without clear physical meaning. The scattering matrix and CNN methods cannot directly measure the maximum wrinkle angle. The maximum wrinkle angle is the crucial indicator of mechanical performance damage and the primary parameter to be estimated necessarily [25]. The total focusing method (TFM) is a post-processing imaging algorithm using data acquired by linear array probes under FMC mode [26]. The TFM method can achieve optimal focusing and provide a high lateral resolution. The instantaneous phase method can eliminate the amplitude information, highlighting the phase information related to the spatial information of the resin-rich interplies. Therefore, researchers [27] have proposed a TFM instantaneous phase method which is a direct method for wrinkle detection. A Fourier domain approach, the wavenumber algorithm, is also used to detect wrinkles [28]. Its primary advantage is superior computational performance. However, the advantage of the TFM method is its flexibility and versatility for arbitrary imaging geometries [29]. The TFM method is more suitable for complex geometrical parts in the aerospace industry. This study adopts the TFM instantaneous phase method to detect wrinkles in CFRP composites.



The wrinkle detection using weak reflection echoes is vulnerable to noise. However, the signals acquired by the ultrasonic phased array system on CFRP composites are contaminated by various noises, for example, electrical noise from the ultrasonic inspection system and structural noise from the heterogeneity in CFRP composites (such as voids, the fiber–matrix heterogeneity). In this study, discrete-time filters are designed to relieve noise interference. These designed filters filter the noise in the A-scan data acquired under FMC mode. The wrinkle detection using the TFM instantaneous phase method requires high spatial accuracy, so the filters must preserve the phase information of the A-scan data. The TFM method is a time-domain delay-and-sum algorithm, and its result highly depends on the time information of A-scan signals. A finite impulse response (FIR) filter can easily be designed as a linear phase filter that can avoid phase distortion [30]. The phase component of the frequency response is linear to frequency for a linear phase filter, and all frequency components of the filtered signal are shifted for a constant time. The linear phase filter can preserve the phase information, and the time information change in filtered signals can also be corrected by shifting a constant time. Bandpass filters are designed to allow through frequency components in a specified band, and their parameters are determined by the time-frequency analysis of the A-scans in FMC datasets. We first apply linear phase FIR filters to the TFM instantaneous phase method for wrinkle detection in this paper.




2. Testing Sample and Experimental Setup


2.1. Testing Samples


A CFRP sample with an induced wrinkle is prepared. Its size is 195 mm × 100 mm × 5.92 mm. This CFRP sample consists of 32 unidirectional plies in the non-wrinkle section. The average thickness of each ply is 0.165 mm. The fiber volume fraction (FVF) of this sample is approximatively estimated to be 60%. The longitudinal velocity is assumed to be 3000 m/s, so the resonant frequency of the ply is about 9 MHz. The stacking sequence is [0/45/90/−45]4s. The wrinkle defect is induced by inserting three additional narrow strips between the 30th and 31st ply. The narrow strips’ angle is 90 degrees. The cure condition is one hour at 130 °C. The cross-section micrograph of the wrinkle and partially enlarged images of voids are shown in Figure 1. Many voids are randomly distributed in the resin-rich interplies, and a few are in the carbon fiber plies. The voids in the interplies seem a little larger than those in the carbon fiber plies. These voids induce material heterogeneity in CFRP composites, causing predominant structural noise.




2.2. Experimental Setup


The experimental system (Figure 2a) consists of a computer workstation, an ultrasonic array controller (AOS OEM-PA 128/128), a 10 MHz linear array probe (Doppler 10L64-0.3×5-D77 EJA557), and a flat wedge. The main features of the flat wedge are listed in Table 1. The flat wedge is used to avoid the near-surface dead zones of the probes. The 10 MHz linear array probe is chosen because its center frequency, close to the resonant frequency (9 MHz), can enhance the inter-ply reflection [19]. The whole 64 elements of the linear array probe are used to acquire FMC datasets with the same sampling rate of 100 MS/s. The pulser pulse width values are set at 50 ns for the 10 MHz probe. The pulser pulse voltage is set at 100 V, and the A-scan resolution is chosen 8 bits during the FMC datasets acquirement. The dataset acquirement process is shown in Figure 2b.





3. Methods


The TFM instantaneous phase method using weak reflection signals is vulnerable to noise, especially structural noise from voids. The noise contaminates weak inter-ply reflection signals and induces dislocation in the TFM instantaneous phase results. Our primary work is to design bandpass filters to relieve the noise interference in this paper. The center of the passband frequencies is determined by the frequency components of the inter-ply echoes. The energy of the front-face and back-wall echoes dominates the acquired A-scan signals, so a time-frequency analysis is used to analyze the frequency components of the inter-ply echoes. The designed filters should have no influence on the TFM method and avoid inducing phase distortion, so linear phase filters are designed to filter A-scan signals in FMC datasets.



3.1. Total Focusing Method


The total focusing method applies heuristic delay-and-sum beamforming on the FMC dataset, achieving focus in the target region and generating a detection image. The intensity of the detection image I(x, z) at every point is calculated by [31]


  I  (  x , z  )  =   ∑  t = 1  N     ∑  r = 1  N    S  t , r    (         (   x t  − x  )   2  +  z 2    +      (   x r  − x  )   2  +  z 2     c   )       



(1)




where t and r are the serial numbers of the transmission and reception element, respectively; N is the number of elements; c is the longitudinal velocity here; xt and xr are the positions of the transmission and reception elements, respectively; (x, z) is the position of every point in the target region; St,r is the A-scan signal in FMC datasets, received by element r (the transmission element t is firing). It should be noted that St,r is not the Hilbert transform, or instantaneous amplitude, of the A-scan signal in this paper. The phase information in A-scan signals is crucial for wrinkle detection.



The delay-and-sum beamforming is implemented in the time domain, permitting flexibility and versatility, which makes the TFM method suitable for aerospace CFRP parts with complex curved surfaces [32]. The TFM method can focus and steer the ultrasonic beam at every point in the target region, achieving a high imaging resolution, which is vital for the continuously varying geometric defects, namely wrinkles. The TFM method makes good use of the multi-dimensional and multi-angle information in FMC datasets, making it capable of handling the inclined interplies.




3.2. Phase Extraction


The TFM result using A-scan signals contains the intensity and spatial information. The wrinkle detection only needs spatial information to map the wrinkle geometry. The lateral spatial information along the upper surface of the sample does not require additional process, but in the depth direction, the intensity information should be removed. The intensity fluctuation in the depth direction can be treated as a modulated signal [20].


   S  depth    ( t )  = a  ( t )  cos ϕ  ( t )   



(2)




where the amplitude a(t) is mainly the intensity information related to the material attenuation and the reflection intensity; the phase ϕ(t) mainly contains the spatial information of the resin-rich interplies.



This section aims to extract the phase information from the intensity fluctuation in the depth direction. The Hilbert transform is a standard tool for extracting the phase information, but it requires that the amplitude a(t) variation is sufficiently slow to ensure spectral disjointness [33]. The reflection intensity of the interplies is similar everywhere in the sample. The intensity variation due to the material attenuation is smooth. As a result, the amplitude a(t) variation is mainly slow, except for the front-face and back-wall echoes. The Hilbert transform can be used as an effective tool to extract spatial information, just like the instantaneous phase method using pulse-echo ultrasonic inspection.



The real signal Sdepth(t) can be transformed into an analytic signal by


   Z  depth    ( t )  =  S  depth    ( t )  + i ℋ  {   S  depth    ( t )   }   



(3)




where  ℋ  is the Hilbert transform [33],


  ℋ  {   S  depth    ( t )   }  =  1 π  p  . v  .  {     ∫  − ∞   + ∞       S  depth    ( τ )    t − τ   d τ     }   











The analytic associate of the real signal Sdepth(t) can be represented as


   Z  depth    ( t )  = a  ( t )   e  i ϕ  ( t )     



(4)




where ϕ(t) is also called as the instantaneous phase. The cosine of the instantaneous phase, like the wrapped phase, contains the main spatial information. The cosine of the instantaneous phase is used to map the wrinkle geometry in this paper, and the cosine results are still referred to as the instantaneous phase images.




3.3. Time-Frequency Analysis


The filter should be designed according to the frequency components of the inter-ply echoes. However, the front-face and back-wall echoes are the main energy components in the acquired A-scan signals. The Fourier transform is not suitable because its result is the frequency components of a full A-scan signal. The time-frequency analysis, analyzing a signal in both the time and frequency domains, is appropriate in this case.



The short-time Fourier transform (STFT) is a classical method for time-frequency signal analysis [34]. It can provide a proper resolution in the time or frequency domains depending on the parameter setting. The “Spectrogram” function in MATLAB R2021b is used to analyze A-scan signals.



The uncertainty principle, also called the Gabor limit, states that the time-frequency analysis of signals cannot achieve a high resolution in both the time and frequency domains. A too short time window (high time resolution) will lead to a poor frequency resolution, while a too long time window (poor time resolution) results in a good frequency resolution. The frequency components of the inter-ply echoes are concerned, so a relatively long window (ten times the duration corresponding to the center frequency) is chosen for the STFT.




3.4. FIR Filter Design


The TFM method is a delay-and-sum algorithm in the time domain, and the time information of filtered signals should not change or can be corrected. Wrinkles in CFRP composites are geometric defects with the carbon fiber plies deviating from the anticipated direction. The deviating plies are continuously and gradually changed. The essence of direct wrinkle detection is locating carbon fiber plies and disclosing the deviating plies. Direct detection requires high spatial precision. The phase information is related to spatial information, so filters must avoid phase distortion. A linear phase filter can avoid phase distortion, and the filtered signal’s frequency components are shifted for a constant time. The time information change induced by a linear phase filter can be corrected by shifting the resulting signal. An FIR filter can become a linear phase filter by making coefficients symmetric. The Parks–McClellan algorithm [35] is used to implement linear phase FIR bandpass filters whose normalized stopband frequencies and normalized passband frequencies are determined by the frequency components of the inter-ply echoes. In this paper, the passband frequencies are set as the values within which the desired frequencies are allowed to pass, and the stopband frequencies are set to be 1.11 times wider than the passband frequencies.





4. Results and Discussion


4.1. Frequency Components of the Inter-Ply Echoes


Figure 3a is the acquired A-scan signals with the 32nd element firing and all 64 elements receiving, and the partial signals related to the CFRP sample are shown in Figure 3b. The back-wall echoes’ amplitude reduces when the reception element drifts away from the transmission element. The A-scan signals are almost symmetric about the transmission element (the 32nd element). The A-scan signals with the 1st element firing and all 64 elements receiving are shown in Figure 3c, and the partial signals related to the sample are shown in Figure 3c. The inspected CFRP sample can be assumed to be the same everywhere for analyzing the frequency components of the inter-ply echoes. Some A-scan signals with the 1st element firing are analyzed using the “Spectrogram” function with a relatively long window. Figure 4 shows the spectrograms of the sample-related signals with the 1st element firing and the 1st, 8th, 16th, 24th, 32nd, 40th, 48th, 56th, and 64th elements receiving. The signal with the ith element firing and the jth element receiving is expressed as the (i, j) signal for short from here on. The black lines in Figure 4 are the Time-frequency ridges representing the maximum energy frequency component at each time. It can be seen that the main frequency components of inter-ply signals are distributed around 9 MHz (red rectangular boxes in Figure 4).




4.2. The TFM Instantaneous Phase Method with Linear Phase FIR Filter


Using the Parks–McClellan algorithm, a linear phase FIR bandpass filter with a coefficient sequence symmetric has been designed. Its passband frequencies are set between 7 MHz~11 MHz, and its stopband frequencies are set between 6.78 MHz~11.22 MHz. The stopband frequencies are 1.11 times wider than the passband frequencies. The center of the passband frequencies is set at 9 MHz. The magnitude and phase responses of the designed filter are shown in Figure 5. The phase response is a linear function of frequency within the passband frequencies. The time information change caused by the designed linear phase filter can be corrected by shifting the filtered signals (Figure 6). The comparison between the raw and the corrected A-scans of the (1,1) and (1,16) signals is shown in Figure 6. As expected, although the amplitude changes, the phase and time information are almost unchanged. The spectrograms of the (1,1) and (1,16) filtered signals related to the sample show that the frequency components of the inter-ply echoes are relatively more concentrated around 9 MHz (Figure 7). The TFM and its related instantaneous phase images of the unfiltered signals are shown in Figure 8a,b, respectively, and The TFM and its related instantaneous phase results of filtered signals are shown in Figure 8c,d, respectively. The back-wall information almost disappears in the filtered result. This phenomenon is mainly attributed to the amplitude reduction of the back-wall echoes after filtering. The high-frequency components have a high inter-ply reflection coefficient and high CFRP attenuation [36], so the frequency components of back-wall echoes contain substantial low-frequency components. The low-frequency components are filtered out by the designed filter. As a result, the back-wall echoes’ amplitude decreases, and the back-wall information becomes invisible in Figure 8c,d. In fact, the back-wall information is inessential, but the maximum wrinkle angle mainly affecting the mechanical performance is the primary parameter to be measured necessarily [25]. The instantaneous phase images can be used to map the wrinkle geometry. The dislocation in the instantaneous phase images is mainly induced by noise, so the TFM instantaneous phase image of the filtered signals has less dislocation than that of the unfiltered. The peaks (ϕ = π/2) in the filtered TFM instantaneous phase image are extracted and indicated by red points, and those in the unfiltered are green points (Figure 9). Most peaks in the filtered and unfiltered are coincident, and these coincident points appear with yellow ones. As shown in Figure 9, the designed linear phase filter almost does not affect the wrinkle geometry of the detection result and relieves some noise-induced dislocation.




4.3. The Filter Bandwidth


The filter bandwidth denotes the passband frequencies’ range in this paper. In Section 3.2, the filter passband frequencies have been set between 7 MHz~11 MHz; the filter bandwidth is 4 MHz. In this section, linear phase FIR filters with different bandwidths have been designed, and their parameters are mainly listed in Table 2. The bandwidths of designed filters are 8 MHz, 4MHz, 2MHz, and 1 MHz, and their corresponding TFM instantaneous phase results are shown in Figure 10a–d, respectively. It can be seen that the result corresponding to a narrower bandwidth filter has less dislocation in Figure 10. A narrower bandwidth filter can filter out more noise. The comparison between the unfiltered and the 1MHz bandwidth-filtered results is shown in Figure 11. Although the wrinkle geometry of the detection result remains nearly unchanged, the back-wall information suffers further loss for the 1 MHz bandwidth filter. The result of the 1 MHz bandwidth filter is not better than that of the 2 MHz bandwidth filter. The 2 MHz bandwidth filter is recommended as an optimum choice for the TFM instantaneous phase method. The peaks (ϕ = π/2) of the detection result from the 2 MHz bandwidth filter are overlaid on the micrograph of the wrinkle sample (Figure 12), and these peaks can excellently track the deviating plies (wrinkle defects).





5. Conclusions


The TFM instantaneous phase method using weak reflection signals is vulnerable to noise, especially structural noise from voids. The noise contaminates weak inter-ply re-flection signals and induces dislocation in the TFM instantaneous phase results. The aim of this paper is to use suitable filters to relieve noise-induced dislocation for the TFM instantaneous phase method. Due to the character of the total focusing method (TFM) and the high spatial precision requirements of direct wrinkle detection, we have chosen to design linear phase filters. Linear phase filters can avoid phase distortion and preserve spatial information.



The linear phase filter almost has no effect on the wrinkle geometry of the detection results and relieves some noise-induced dislocation. The 2 MHz bandwidth filter is an optimum choice for the TFM instantaneous phase method. The filtered detection result can excellently track the deviating plies (namely wrinkle defects).
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Figure 1. (a) A cross-section micrograph of the wrinkle sample; (b) a shortened length image to highlight the wrinkle defect; (c) partially enlarged images of voids. 
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Figure 2. (a) Experimental system and (b) the system sketch used to acquire datasets under FMC mode. 
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Figure 3. (a) Signals with the 32nd element firing and all 64 elements receiving, and (b) the partial signals related to the CFRP sample; (c) signals with the 1st element firing and all 64 elements receiving, and (d) the partial signals related to the CFRP sample. 
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Figure 4. Spectrograms of the sample-related signals. Note: the signal with the ith element firing and the jth element receiving is expressed as the (i, j) signal for short, and the symbol (i, j) is labeled in the top right-hand corner of each spectrogram. 
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Figure 5. The magnitude and phase responses of the designed filter. 
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Figure 6. The comparison between the raw and the corrected filtered A-scans of the (a) (1,1) and (b) (1,16) signals. 
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Figure 7. Spectrograms of the (1,1) and (1,16) filtered signals. 
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Figure 8. (a) The TFM and (b) its related instantaneous phase images of the unfiltered signals; (c) the TFM and (d) its related instantaneous phase images of the filtered signals. 
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Figure 9. The comparison between the unfiltered and the filtered results. 
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Figure 10. The TFM instantaneous phase results filtered by the (a) 8 MHz, (b) 4 MHz, (c) 2 MHz, and (d) 1 MHz bandwidth linear phase filters. 
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Figure 11. The comparison between the unfiltered and the filtered results. 
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Figure 12. (a) The overlaid view of peaks (ϕ = π/2) from the 2 MHz bandwidth linear phase filter, and (b) its shortened length image. 
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Table 1. The main features of the used flat wedge.
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	Length
	Width
	Height
	Ultrasonic Velocity





	65 mm
	40 mm
	20 mm
	2337 m/s
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Table 2. The parameters of FIR filters with different bandwidths.
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	Filter Name
	Passband

Frequencies
	Stopband

Frequencies
	Filter

Bandwidth





	a
	5 MHz~13 MHz
	4.56 MHz~13.44 MHz
	8 MHz



	b
	7 MHz~11 MHz
	6.78 MHz~11.22 MHz
	4 MHz



	c
	8 MHz~10 MHz
	7.89 MHz~10.11 MHz
	2 MHz



	d
	8.5 MHz~9.5MHz
	8.45 MHz~9.55 MHz
	1 MHz
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