
International Symposium on Structural Health Monitoring and Nondestructive Testing  

4-5 October 2018, Saarbruecken, Germany 

 

 

DEVELOPMENT OF AN ULTRASONIC SYSTEM FOR COMPOSITE 

MATERIAL INSPECTION  

Xiaohui Wang1*, Zhenggan Zhou
2
, Wentao Li2, Yang Li2 

1School of Mechanical Engineering, University of JiNan, 250022, JiNan, ShanDong Province, China  

2School of Mechanical Engineering and Automation, Beihang University, 100191, Beijing, China
 

*Corresponding Author: me_wangxh1@ujn.edu.cn 

ABSTRACT 

A computer controlled phased array ultrasonic measurement and data analysis system has been established for composite 

material flaw detection. Phased array ultrasonic is an advanced method of ultrasonic testing that has application in medical 

imaging and industrial nondestructive testing. Compared with single-element probes, a phased array probe can focus and swept 

the beam electronically without moving the probe. An ultrasonic testing system has been established using phased array probes 

and post-processing technique. Processing of ultrasonic array data is traditionally based on having parallel transmission circuits 

that enable staggered firing of transmitter elements to produce the desired wavefront. This paper describes an approach in which 

the full matrix of time domain signals from every transmitter-receiver pair is captured and post-processed. An advanced 

processing algorithm is implemented which allows the array to be focused at every point in the target region. In addition, the 

experimental detecting process and system has been designed and the testing results of composite material part are presented 

which show the efficiency and feasibility of this ultrasonic detection system. 
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1. INTRODUCTION  

Ultrasonic testing technology is developing rapidly and playing a significant role in many applications [1,2], for example, quality 

assessment and detection of flaws in composite materials. Composite materials have been investigated for many decades, but 

because their structure combines the properties of more than one constituent material, the damage evolution and their failure 

mode is not as well understood as it is in the case of metallic structures[3,4]. The most commonly used NDT techniques for the 

defect detection in composite materials are: active ultrasonics, lock-in thermography, shearography, guided wave testing and 

radiography[5,6]. Active ultrasonic testing (UT) is a well-known and established technique but the detection sensitivity relative 

to the delamination shape, orientation, general material micro-structure is still under investigation. Current ultrasonic 

technologies in composite material testing are mainly based on C-scan, which has more advantage in testing accuracy and 

visualization. The use of ultrasonic phased array systems for nondestructive test (NDT) has increased dramatically in recent 

years[7,8]. The advantage of using arrays in NDT over conventional single element transducers is the ability to perform multiple 

inspections without the need for reconfiguration and also the potential for improved sensitivity and coverage. Plane beams, 

steered angled beams and focused beams [9,10] are often used to increase the range and accuracy of inspection. Ultrasonic arrays 

can be used to detect and size defects. The recent development of two-dimensional arrays has also led to an increase in interest in 

three-dimensional volumetric imaging of components[11]. Flexible arrays[12] and high temperature arrays[13] are being 

developed to allow testing of components with complex geometries, and harsh environments especially for within the aerospace 

and nuclear industries[14]. 
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The ultrasonic arrays for NDE are traditionally used to emulate a monolithic transducers. The approach is based on having 

independently controlled parallel transmission circuits that enable staggered firing of transmitter elements so that the physical 

wave front injected into a target specimen can be translated, steered or focused. In many areas of industrial NDE the target is 

static and it is reasonable to carry out data analysis offline. Embedded defects from which specular reflections are captured can 

be sized using the 6 dB drop rule on the defect indications without the probe being moved. More advanced methods can be used 

if the Full Matrix Capture (FMC) of data from the array is obtained. The FMC data set is therefore the complete data set of an 

array[15] and any post-processing technique can be performed on it, including the Total Focusing Method (TFM) as well as 

more traditional scanning techniques.   

The main objective of this paper is to develop a new inspection system based on phased array ultrasonic technology, which 

makes possible to provide a two-dimensional plan view of composite material parts. A brief description of Full Matrix Capture 

(FMC) and practical implementation of post-processing algorithm TFM were presented. Description of system integration and 

the development of the specialized software were also given. 

2. DISCRIPTION OF THE SYSTEM 

Ultrasonic technology has proven to be a proper tool for non-destructive evaluation, since it has been used for flaw and corrosion 

detection, thickness gauging, and examination of welds and material analysis in several industries. In addition, many 

commercially available flaw detectors exist that are capable of detecting and characterizing the hidden internal defects in 

engineering materials such as metals, plastics and composites.  

2.1 ULTRASONIC SUBSYSTEM 

The ultrasonic inspection system was built upon technology by performing research and development in the area of composite 

material. The inspection system mainly consists of three elements, as depicted in Fig.1. The heart of the system is the phased 

array ultrasonic subsystem which is integrated with a 3-axis slides, referred as mechanical hardware. In this work, both the 

phased array transducer and the sample under test are immersed in liquid in order to facilitate the transmission of the ultrasonic 

waves travelling through them. The block diagram is also depicted in Fig.1 (dashed line). For convenience and affordability, 

water was used as liquid during the tests.  
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Fig. 1 Block diagram of the ultrasonic inspection system 

2.2 IMPLEMENTATION OF POST-PROCESSING ALGORITHMS 

Simulation of ultrasonic array data.  In this paper an offline post-processing technique is described which utilizes the complete 

set of time-domain data (A-scan) from all combinations of transmit and receive elements. This approach is referred to as full 

matrix capture. We first to define the underlying mathematics and practical implementation of post-processing algorithm for use 
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with the full matrix of array data. The algorithm considered is the total focusing method (TFM)[16]. The TFM utilizes all the 

information in the full matrix of array data and can only be practically implemented by post-processing.  

The generation of the full matrix of array data is described and the array geometry used for the modeling is that of a linear array 

transducer with equi-spaced elements and is shown in Fig.2. The elements are assumed to be long in the y-direction and so the 

model is reduced to two-dimensions, with propagation of energy in the x–z (focal) plane only. The performance of an ultrasonic 

phased array system can be characterized by its ability to image to a point reflector. The size and shape of the image of the point 

can be measured laterally (x-direction) and axially (z-direction) as the distance between the -6 dB points on the image. 

 

Fig. 2 Phased array geometry 

A typical commercial 3.5MHz array with 64 elements was modeled. The array had an element pitch of 0.7 mm and element 

width of 10 mm (full details shown in Table 1). The output of each element was a five cycle, Gaussian windowed tone burst with 

a centre frequency of 5 MHz and a -6 dB bandwidth of 50%. Throughout the modelling a sampling frequency of 100 MHz was 

used. 

 

 

Number of elements 64 

Elements width 
10 mm 

Elements pitch 0.7 mm 

Center frequency 3.5MHz 

Bandwidth (-6dB) 50% 

 

Table 1 Simulated and Experimental Array Parameters 

The position of a single point reflector within the aluminium was then defined in terms of the x and z coordinates. The 

propagation distance rxtxd , from the transmitter to the reflector and back to the receiver was then calculated for each possible 

tx–rx combination as follows: 

2222
, )()()()( refrxrefreftxrefrxtx zxxzxxd                                                                                                                       (1) 
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where r efx , r efz are the coordinates of the reflector and the tx and rx subscripts refer to the transmit and receive elements, respectively. 

Phase shifts were then applied to the element output signal, f(t), to simulate propagation. The propagation time t, was determined by 

dividing the propagation distance, rxtxd , by the longitudinal velocity of sound in aluminium, c1(6300 ms-1). The frequency spectrum, 

)(wF , can then be calculated from the element output signal using the Fourier transform as follows: 


-

)()( dtetfwF
jwt                                                                                                                                                                         (2)  

The complex spectrum of the phase shifted signal )(, wG rxtx is therefore given by: 

rxtxdcjw

rxtx ewFwG ,1)/(

, )()(
                                                                                                                                                              (3)  

This propagated spectrum is then multiplied by an amplitude factor in order to include the effects of element directivity and 

beam spread. The directivity ),( p function of a single rectangular element was defined as 

)
sinsin

(sin)
cossin

(sin),( 



 L

c
a

cp                                                                                                                            (4) 

 where a is the element width, L is the element length and   is the wavelength of the ultrasonic wave.  and are the angles 

from the element normal in the steering and elevation planes, respectively. Therefore, the directivity functions for the 

transmitting and receiving elements in this case is reduce to the following expressions: 

)
sin

(sin 
 tx

tx

a
cp   , )

sin
(sin 

 rx
rx

a
cp                                                                                                                                   (5) 

Finally, a two-dimensional inverse power law was used to model the effect of the divergence of the waves from the transmitter 

and from the point reflector. The amplitude rxtxA , of the signal after propagating a transmission distance txd and reflected 

distance rxd in the medium was calculated using 

rxtx

rxtx
dd

A
A 0

,                                                                                                                                                                                     (6) 

where A0 is the signal amplitude at unity propagation distance. The resulting spectrum for each transmitter–receiver pair, 

)(, wH rxtx  is the product of the phase shifted element output signal, the directivity function for the transmit and receive elements 

and the amplitude fraction due to beam spread. 

)()( ,,, wGAppwH rxtxrxtxrxtxrxtx                                                                                                                                                         (7) 

An inverse Fourier transform can then applied to transform the signal back to the time domain, but in practice it is more useful 

for subsequent post-processing to obtain the complex Hilbert transform[17] of the resulting time domain signal, )(, th rxtx , given 

by: 

 
0

,, )(
1

)( dwewHth
jwt

txrxrxtx                                                                                                                                                        (8) 
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This process was carried out for each possible transmitter–receiver pair and allowed a maximum of n2 possible time domain 

signals to be generated. However, if it is assumed that the performance of each element is equal throughout the array, there is 

some redundancy in the data. For example, the signal that is transmitted from element X and received on element Y is identical 

to the signal transmitted on element Y and received on element X. This redundancy means that only n/2(n+1) signals are 

required for post-processing.        

Implementation of  Total Focusing Method (TFM).  The Total Focusing Method (TFM) is one of the post-processing routines 

that only be practically realized with Full Matrix Capture. In the TFM the full aperture of the array is used to focus at every 

image point in both transmission and reception, which yields something close to the highest possible imaging resolution.In the 

total focusing method (TFM) the beam is focused at every point in the target region as shown in Fig.3. 

 

Fig. 3 Schematic diagram of the TFM 

The TFM post-processing algorithm proceeds by first discretizing the target region (in the x, z plane) into a grid.The signals from 

all the elements in the array are then summed to synthesis a focus at every point in the grid. The intensity of the image, ),( zxI at 

any point in the scan is given by: 

    







 

1

222

,),(
c

zxxzxx
hzxI

rxtx
rxtx                                                                                                                               (9) 

As before, linear interpolation of the discretely sampled time domain signals is necessary. This summation is carried out for each 

possible transmitter–receiver pair and therefore uses the maximum amount of information available for each point. 

Fig.4 shows post-processed focused and sector B-scan images in the x-z plane for simulated data, using the array shown in 

Table 1. These images show predicted results obtained for a single point reflector located on the centre-line of the array (i.e. x=0) 

and at a distance of 20λ in the z-axis. In each case, a 16 element aperture was used, as this is typical of the aperture sizes used in 

industrial phased array NDE applications. It can be seen by comparing Fig.4(a) with Fig.4(b) that, as expected, the image 

resolution is increased when focusing is applied. This image enhancement is seen as a reduction in the apparent size of the image 

of the point reflector. It is worth noting that as the size of the aperture increases the field of view decreases for the plane and 

focused B-scans. In the extreme,if all 64 elements are used in a plane or focused B-scan, the image is reduced to a single time 

domain plot, as the aperture can no longer be swept. Fig.4(d) shows the image obtained using the TFM algorithm. This 

algorithm is able to fully exploit the focusing capability of the 64 element array and also allows the image to be constructed 

beyond the edge of the array. In addition, it can be seen that the image resolution is increased when compared to the focused B-

scan. 
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Fig. 4 Simulated images for post-processing methods 

2.3 EXPERIMENTAL SETUP AND RESULTS 

In this work, acquired signals are processed in order to present them as images making the interpretation of results much easier. 

The experimental setup is shown in Fig.5. A C-scan image provides a two-dimensional plan view of the location and size of the 

cracks or discontinuities of the part under test. In the C-scan image, the reflected energy of the signal obtained at successive 

inspected points performing an area is represented as a color at each point of the inspected area. C-scan images represent 

horizontal cuts of the part under test as it can be integrated only the energy coming from a specific depth range. For this reason, 

in an image of this type color changes where a crack is located as much more energy is reflected there. 

 

 Fig. 5  Experimental setup of ultrasonic inspection system   

The phased array ultrasonic inspection system has been evaluated for the detection of cracks in several composite parts and  Fig. 

6 shows detailed images of cracks in the samples.  
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Fig. 6  Composite parts crack detection results 

3. CONCLUSION 

The phased array ultrasonic inspection system has been completely tested at laboratory level. Laboratory tests have proved that 

the post-processing method is a suitable method to be used for non-destructive testing in the composite parts. Results show that a 

clear visual representation of defect can be produced using this technology which can be used to determine the size and the 

location of the faults. Another main advantage of this system is the cost. As only a phased array probe is used for the 

measurements, then the required equipment is limited. Results show that a clear visual representation of the defect can be 

produced using this technology which can be used to determine the size and the location of the faults.  
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