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27This paper describes phased array beamforming using guided waves in anisotropic composite plates. A
28generic phased array algorithm is presented, in which direction dependent guided wave parameters
29and the energy skew effect are considered. This beamforming at an angular direction is achieved based
30on the classic delay-and-sum principle by applying phase delays to signals received at array elements
31and adding up the delayed signals. The phase delays are determined with the goal to maximize the array
32output at the desired direction and minimize it otherwise. For array characterization, the beam pattern of
33rectangular grid arrays in composite plates is derived. In addition to the beam pattern, the beamforming
34factor in terms of wavenumber distribution is defined to provide intrinsic explanations for phased array
35beamforming. The beamforming and damage detection in a composite plate are demonstrated using rect-
36angular grid arrays made by a non-contact scanning laser Doppler vibrometer. Detection images of the
37composite plate with multiple surface defects at various directions are obtained. The results show that
38the guided wave phased array method is a potential effective method for rapid inspection of large com-
39posite structures.
40� 2016 Elsevier B.V. All rights reserved.
41

42

43

44 1. Introduction

45 Rapid inspection of large areas with nondestructive evaluation
46 (NDE) methods is critical for ensuring operation ability and safety
47 in aerospace industry, especially where safety related structural
48 components are used [1,2]. Advanced composite materials have
49 been increasingly used in aerospace industry. The Boeing 787
50 Dreamliner has an airframe comprising nearly 50% carbon fiber
51 reinforced plastic and other composites [3]. Though various NDE
52 methods have been developed for metallic structures and proven
53 effective, reliable and efficient evaluations for large composite
54 structures are not yet well established [1,4]. Complexity of the
55 advanced composite material manufacturing and in-service main-
56 tenance present challenges in evaluation tools and methods [4].
57 Ultrasonic NDE is the technique to provide an invasive means to
58 inspect the condition of a component. Among various NDE
59 methodologies, ultrasonic method is directly sensitive to mechan-
60 ical changes and can be used to directly assess the mechanical con-
61 dition and integrity of the composite structure [4]. However it is
62 commonly considered that NDE using bulk waves is time-
63 consuming since it requires point-by-point measurement over

64the inspected area and therefore is not efficient for large area
65inspection. To address this deficiency, the guided waves (GW)
66based ultrasonic techniques have been studied, developed, and
67demonstrated great potentials on metallic structures [5–8]. Com-
68pared to bulk waves, GW can travel long distances within the
69waveguides with low energy loss [9,10]. However, GW NDE is fac-
70ing major challenges when being applied on composite structures
71[4]. The GW complexity caused by anisotropic and inhomogeneous
72properties in composite materials makes the traditional metal-
73based NDE methods inappropriate and sometimes even misleading
74[11–13].
75When generating inspection results, an image of the structure
76being inspected often gives an efficient solution that quickly iden-
77tifies and locates defects. Various imaging methods based on GW
78NDE have been explored including tomography [6,14–16], sparse
79array [7,17–24], synthetic aperture focusing technique [25–27],
80reconstruction algorithm for probabilistic inspection of damage
81(RAPID) [5,28–30], and phased array [8,31–64]. Among them, the
82phased array imaging is attractive since it uses sensors that are
83placed closed to each other in a compact format, steers the outputs
84of all sensors in a desired direction, and inspects the entire struc-
85ture like a radar [31]. It hence allows for rapid inspection of large
86area with limited access. The additional advantages include rein-
87forced wave energy in the steered direction, efficient and flexible
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88 control of the direction, improved signal-to-noise-ratio, and
89 promising damage detection results [31].
90 Intensive study has been conducted on the GW phased array
91 beamforming and damage detection on metallic plate like struc-
92 tures [8,31–58]. A general beamforming algorithm for isotropic
93 materials has been developed [31,32] with investigation of beam-
94 forming optimization [33–36]. 1-D linear [37,38] arrays and 2-D
95 planar arrays [8,31,39] in various configurations have been
96 designed and used for damage detection of hole or cracks with
97 the arrays made of piezoelectric wafer sensors [31], piezoelectric
98 paint sensors [39], or electromagnetic acoustic transducer (EMAT)
99 [8].

100 Some researchers have started investigating the phased arrays
101 for anisotropic composite materials [59–64]. Yan and Rose studied
102 beamsteering of linear arrays in composite plates [59]. They found
103 the traditional beamsteering technique for isotropic materials
104 might fail in composite materials due to the anisotropic behaviors
105 of the composite plates. Hence, they chose a quasi-isotropic wave
106 mode for beamsteering, which can suppress the influence of the
107 anisotropic behavior. Rajagopalan et al. adopted an array of a single
108 transmitter and multiple receivers (STMR) to locate a defect (hole)
109 in a composite plate [60]. In their array imaging method, they used
110 a weakly anisotropic wave mode and assumed that the phase and
111 group velocity directions coincide locally. Later, Vishnuvardhan
112 et al. used the STMR array to detect impact induced delamination
113 damage in a quasi-isotropic composite plate [61]. Leleux et al. used
114 ultrasonic phased array probes for long range detection of defects
115 in composite plates [62]. Their method was limited to wave modes
116 having phase and group velocities oriented in the same direction,
117 where the skew angle was zero. Purekar and Pines investigated
118 the capability of 1-D linear phased arrays in detecting delamina-
119 tion damage in a cross-ply composite plate [63]. They showed
120 the array can detect damage at 0� direction, where the phase and
121 group velocities had the same orientation. Osterc et al. investigated
122 the beamsteering of 1-D linear arrays in composite laminates [64].
123 In their study, the exact phase velocity curve was used to develop a
124 beamforming algorithm that accounted for non-omnidirectional
125 guided wave propagation in anisotropic materials. It has found that
126 compared to the array beamforming in isotropic plates, the array
127 beamforming in anisotropic composite plates are more challeng-
128 ing. In anisotropic composite plates, guided wave parameters such
129 as wavenumbers, phase velocities and group velocities are direc-
130 tion dependent due to the direction dependent physical properties
131 of composite materials [11–13]. Moreover, the GW have energy
132 skewness that the direction of group velocity is not always aligned
133 to that of the phase velocity. Last but not least, the wave fronts of
134 GW are no longer circular in composites. The traditional beam-
135 forming technique for isotropic materials may fail in composite
136 materials due to the complexity involved with GW propagation.
137 In this paper, we investigate GW beamforming in anisotropic
138 laminated composite plates. Based on the classic delay-and-sum
139 principle, a generic formula of phased array beamforming in aniso-
140 tropic composite plates is developed, in which the direction depen-
141 dent guided wave properties are adopted. The beamforming is
142 demonstrated by implementation of 2-D rectangular grid arrays.
143 Beamforming with various array configurations of rectangular grid
144 arrays are investigated. For the proof of concept, laboratory tests
145 are performed using rectangular grid arrays made of scanning
146 points of a non-contact scanning laser Doppler vibrometer (SLDV)
147 for detecting surface defects. The results show that multiple
148 defects at various directions can be successfully detected and the
149 phased array method can be useful for rapid inspection of large
150 composite structures. The remainder of this paper is organized as
151 follows: Section 2 presents the formulation of phased array beam-
152 forming in anisotropic composite plates; Section 3 presents beam-
153 forming characterization of 2-D rectangular grid arrays; Section 4

154presents the implementation and detection of multiple defects in
155a composite plate using arrays made of scanning points of a non-
156contact SLDV. Section 5 concludes the paper with novelties, discus-
157sions and planned future work.

1582. GW beamforming in composite laminates

159In this section, we formulate general GW phased array beam-
160forming in anisotropic composite laminates based on the classic
161delay-and-sum principle.

1622.1. GW in composite laminates

163When a guided wave with frequency x and wavenumber k is
164generated from a source at the coordinate origin O in a composite
165plate, the wave arriving at the location x that is far away from the
166source (Fig. 1a) can be expressed as [9,10,13],
167

uðt;xÞ ¼ Aejðxt�k�xÞ ð1Þ 169169

170where A is the amplitude, assuming independent of wave fre-
171quency. With the geometric relation illustrated in Fig. 1a, we have,
172

k � x ¼ jkj jxj cos b ¼ kðcÞjxj cosb ð2Þ 174174

175with b being the angle between the wave propagation and
176wavenumber k. Hence,
177

uðt;xÞ ¼ Aej½xt�kðcÞjxj cos b� ð3Þ 179179

180Using Eq. (1), for a source located at location pm, the wave
181resulted at the location x is,
182

umðt; xÞ ¼ Aej½xt�k�ðx�pmÞ� ð4Þ 184184

185In anisotropic composite laminates, GW parameters such as
186wavenumbers, phase velocities and group velocities are direction
187dependent, due to the direction dependent physical properties of
188composite materials [11–13]. Fig. 1b plots the wavenumber curve
189k(c) and slowness curve k(c)/x. As illustrated in Fig. 1b, the
190wavenumber vector k is perpendicular to the wave front and the
191group velocity vector cg is orthogonal to the wavenumber curve
192k(c) [11–13]. The angle c of the wavenumber vector k is referred
193to as wavenumber angle. The angle h of the group velocity vector
194cg is referred to as group velocity angle (or energy propagation
195angle). The angle b between wavenumber angle c and energy prop-
196agation angle h is referred to as skew angle, with the relation
197b = c � h. It can be seen when cg is not parallel to k, the skew angle
198b is not zero and hence the wave energy propagation direction is
199not perpendicular to the wave front.

2002.2. Delay-and-sum beamforming

201Consider an array with M identical elements located at fpmg
202(m = 0,1,2, . . .,M � 1) which are geometrically close to each other.
203The phase center is defined as the origin O of the Cartesian coordi-
204nate system, i.e., 1=M

PM�1
m¼0pm ¼ 0. Each element serves as a wave

205source. When all elements generate waves with frequency x and
206wavenumber vector k simultaneously, using Eq. (4) the total out-
207put (synthesized wave) of the array at location x can be derived as,
208

zðt;xÞ ¼
XM�1

m¼0

Aej½xt�k�ðx�pmÞ� ¼ uðt;xÞ
XM�1

m¼0

ejk�pm ð5Þ
210210

211It is seen from Eq. (5) that the synthesized wave zðt;xÞ is an
212amplification of the wave uðt;xÞ emitted from the Origin. The
213amplification is controlled by the exponential component
214

PM�1
m¼0e

jk�pm in Eq. (5). Therefore, by adjusting the component

215
PM�1

m¼0e
jk�pm , we can control the amplification. One way to adjust
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