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Abstract 
 
The first generation of portable phased array UT units has hit the market in the early 
2000’s. Their introduction and adoption has been a game changer for ultrasonic 
inspections of critical components in oil & gas, aerospace, heavy industry and power 
generation plants. 
Over the last 5 years, several manufacturers have developed systems that offer far more 
power and performance than first generation units: larger data file size, better amplitude 
resolution, faster data acquisition rate and advanced on-board data analysis. Due to the 
improved efficiency in preparation, acquisition, analysis & reporting of inspections, and 
to the availability of software tools that ensure code-compliance, phased array UT is 
now a mature and accepted technology. 
The next technological step involves Full Matrix Capture (FMC) and advanced focusing 
algorithms, e.g. Total Focusing Method (TFM). This new technology is already 
available, and efforts are on-going to make it truly industrially deployable: 
inspection speed, calibration tools, comprehensive software package, …  
An important phase in the industrial adoption of these promising techniques is the 
experimental validation of the improvement in flaw detection and characterization 
capability that they can provide. 
This paper will investigate how advanced focusing techniques implemented on a new 
generation of phased array UT systems can complement and enhance the existing 
inspection capability. Experimental results from various inspection configurations with 
realistic flaws will be shown. 
 
 
1. Introduction 
 
The introduction and adoption of portable phased array UT units has been a leap ahead 
for ultrasonic inspections of critical components in various industries. Over the last 5 
years, several manufacturers have developed systems that offer far more power and 
performance than first generation units. Due to the improved efficiency in preparation, 
acquisition, analysis & reporting of inspections, and to the availability of software tools 
that ensure code-compliance, phased array UT is now a mature and industrially proven 
technology (1). 
 
 
 

M
or

e 
in

fo
 a

bo
ut

 th
is

 a
rt

ic
le

: 
ht

tp
://

w
w

w
.n

dt
.n

et
/?

id
=

22
76

4

https://creativecommons.org/licenses/by-nc/4.0/


 2 

2. Full Matrix Capture and advanced focusing techniques 
 
The next technological step in ultrasonic phased array examination involves Full Matrix 
Capture (FMC) and advanced focusing algorithms. FMC is a data collection technology 
in which every element of an array is pulsed in sequence, and where A-Scan data are 
collected for each combination of pulsing and receiving elements. The underlying 
mathematics for post-processing of the full matrix of ultrasonic transmit-receive array 
data was described more than 10 years ago (2), and since then efforts have been on-
going by research institutes and NDE equipment vendors to make this technology truly 
industrially deployable: implementation and validation of advanced focusing 
algorithms, innovative phased array hardware and firmware design for increased 
inspection speed, calibration tools, and comprehensive software packages. 
In recent years, “live” processing of FMC data has become technologically feasible. A 
drastic increase in processing power allows to perform the summing operations while 
the probe is moving over the component. So, the time-consuming storage of elementary 
FMC data can be avoided, and the resulting inspection speed is comparable to standard 
PA UT. Obviously, this approach makes the technology more attractive for industrial 
applications, but the potential benefits of post-processing are unfortunately sacrificed. 
 
The most commonly used advanced focusing technique is the Total Focusing Method or 
TFM. This algorithm sums the signals from all elements in the array to generate a frame 
of pixels, where each pixel is computed using a dedicated focused focal law (2). The 
TFM frames can be used for “live” interpretation, or they can be stored for each position 
of the probe, very similar to a “dynamic” merge view in standard PA UT. It will be 
illustrated in this paper that the focusing capability of the technique still depends on the 
acoustic wavelength and the total aperture of the array. 
An alternative processing method uses the FMC collected data to generate a sectorial 
sweep of A-scans (one for each beam angle), while focusing in each point along the 
sound path. This technique will be addressed further in this paper as “Sectorial Total 
Focusing (STF)”. This approach uses the complete probe aperture to generate a typical 
sectorial scan image. Again, the operator can perform on-line data interpretation, or the 
images can be recorded during an encoded inspection sequence. The STF algorithm has 
the benefit of recording a summed A-scan signal for each angle, very similar to standard 
PA UT. 
 
 
3. Hardware innovation 
 
Zetec recently added a high-performance system to its TOPAZ® product line of fully 
integrated portable phased array units (see Figure 1). Like the already available TOPAZ 
units, the TOPAZ64 has a rugged, lightweight casing, no air intake, and it is battery 
operated with hot swap capability.  
The TOPAZ64 has a 64/128PR phased array configuration that allows for two-side thick 
weld inspection with 64-element active aperture probes, and 2 separate conventional 
TOFD channels at 200 V, making it a truly « best-in-class » PA UT & TOFD inspection 
system with all tools to guarantee efficient and code-compliant weld inspections. 
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Figure 1 : TOPAZ64, fully integrated portable PA UT system,                                                             
capable of code-compliant PA UT & TOFD and high-resolution TFM 

 
 
In addition, the TOPAZ64 offers « best-in-class » live TFM resolution, generating 65k 
pixel frames at 110 Hz. Whenever higher resolution is a must to meet the inspection 
objectives, the unit is also capable of generating 1M pixel frames at a fairly high rate. 
FMC elementary A-scan saving is available as an option, and allows for data recording 
at a throughput up to 10 times higher than the legacy DYNARAY system. 
The TOPAZ64 unit comes with a large 12” high-resolution multi-touch display, 
particularly useful for “live” interpretation of high-resolution phased array and TFM 
examination data. In addition to the typical square pulse (75V on 50 Ohms), the system 
can also generate a bipolar pulse (150Vpp on 50 Ohms) with 40% more acoustic energy, 
thus contributing to the overall signal-to-noise ratio of the ultrasonic signals. 
The TOPAZ64 is controlled by the industry-proven embedded UltraVision Touch 
software. In addition to the advanced features available on the TOPAZ16 and TOPAZ32 
units, a full set of tools have been added to facilitate setup and deployment of FMC and 
TFM applications. 
 
 
4. Experimental validation 
 
An important phase in the industrial adoption of new inspection techniques is the 
experimental validation of the resulting improvement in flaw detection and 
characterization capability. Two case studies will be presented here to assess the 
industrial potential of the TFM technique, and compare it to “best-in-class” standard 
phased array techniques. 
 
4.1. Thick carbon steel vessel weld 
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UT examination of carbon steel pipe and vessels welds has become the preferred 
volumetric inspection technology for asset owners in various industries, because  
radiographic testing (RT) comes with radiation safety issues and is disruptive to other 
production activities. It has been extensively demonstrated that a combination of PA UT 
and TOFD techniques provides a robust and efficient examination method. Codes have 
evolved, and now include guidelines for fully compliant UT examinations, in the USA 
(ASME Code Section VIII, Division 2) and in Europe (EN 12062). Various new 
generation portable phased array UT units include efficient software tools to help the 
user setup, execute and document code-compliant inspections (1). 
For thicker vessel welds (from 75 mm and up), larger PA UT probes and more TOFD 
pairs are required for complete coverage, and the characterization of “deeper” 
indications can be more challenging.  The first case study in this paper explores the 
potential of advanced focusing techniques on such welds. 
 

 
 

 
 

Figure 2 : Ultrasonic images from various focusing modes with 5 MHz linear array (L-waves)                                 
on Ø 1 mm SDH in calibration specimen 

 
Before assessing the performance on realistic flaws, the focusing capability of the 
considered techniques, and the influence of the TFM frame resolution was investigated. 
A 5 MHz linear array probe with an active surface of 40 x 10 mm and 64 elements was 
used with an L-wave wedge, to insonify a set of 1 mm diameter side-drilled holes 
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(SDH) in a 75 mm thick calibration specimen. The top section of Figure 2 compares the 
results of TFM, STF, and standard PA UT sector scan focused in “half path” mode. 
Clearly, the large aperture of the probe, in combination with the TFM and SFT 
algorithms, allows for nearly to ideal focusing at all depths. The standard phased array 
technique shows the expected behavior, focusing only in a specific depth region.  
The bottom part of Figure 2 shows the results of the TFM algorithm for different active 
apertures from the same probe, and clearly confirm that a large aperture (i.e. a long 
near-field) is required to fully benefit from TFM algorithm. 
 
The importance of the TFM algorithm resolution, in other words the pixel size of the 
frames, is illustrated in Figure 3. The same part of the specimen with the set of SDH is 
shown for different pixel sizes, from 0.2 mm (one-sixth of the wavelength) to 1.2 mm 
(one complete wavelength). The top images show the images with the raw pixel 
information. While the image quality is very good at 0.2 mm pixel size, and still 
acceptable at 0.6 mm, the image is strongly deteriorated for a pixel size of one 
wavelength. Many equipment vendors, including Zetec, offer the option to use 
smoothing on the ultrasonic images. The bottom images show the same data as the top 
images, but with smoothing. The image deterioration for the largest pixel size is now 
partially masked, but the amplitude decrease of more than 5 dB remains. So, if  too large 
a pixel size is used for the TFM frame, the image quality and therefore the flaw 
characterization capability will deteriorate. In addition, detection of indications can be 
compromised if amplitude criteria are used. 
 
A thick carbon steel vessel weld specimen with realistic flaws was used to evaluate the 
performance of advanced focusing techniques in a more industrial configuration. The 
same 5 MHz linear array probe was used, this time with a wedge to generate shear 
waves in the material. Error! Reference source not found. compares TFM, STF, and 
standard PA UT sector scan focused in “half path” mode, for an active aperture of 64 
elements. A rough crack at shallow depth is well detected by all techniques, but an 
important improvement can be observed in the imaging of a cluster of shrinkages 
around 80 mm depth. The standard phased array technique is not adequately focused in 
this range. Appropriate use of a TCG curve will allow for detection, but flaw 
characterization will be very challenging. On the other hand, the images generated by 
the TFM and STF algorithms are “totally focused” over the inspected depth range, and 
provide a high-resolution image of the deeper flaw as well. 
 
This case study on thick welds shows considerable benefits from the TFM technique. It 
can provide constant detection capability and excellent resolution at all depths, thus 
improving characterization and sizing of the flaws. At the same time, to fully benefit 
from the TFM technique, this application will require probes with a sufficient number of 
elements, and high-resolution frames. 
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Figure 3 : TFM images with varying frame resolution on Ø 1 mm SDH in calibration specimen 
 
 
 

 
 

Figure 4 : Ultrasonic images from thick vessel weld with realistic defects 
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4.2. Stainless steel weld 
 
The second case study evaluates the performance of the TFM technique on a 304 
wrought stainless steel plate weld, with a wall thickness of 25 mm, and a typical V-
bevel. The considered flaw is a 4 mm deep toe-crack, examined from the “opposite” 
surface of the weld. Two different probe assemblies were used for the case study (see 
Figure 5), a 5 MHz, linear array probe with 64 elements, in pulse-echo L-wave mode, 
and a standard 2.25 MHz dual matrix array (DMA) in TRL mode. 
 

 
 

Figure 5 : Setup on stainless steel plate weld, 5 MHz linear array in pulse-echo mode (left) and       
2.25 MHz DMA probe in TRL mode (right) 

            
 

 
 

 
 

Figure 6 : Ultrasonic images from far-surface crack, from wrought SS base material (top)              
and through austenitic weld material (bottom) 
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Error! Reference source not found. shows the ultrasonic images of the weld section at 
the location of the crack, for various examination techniques. For the top images, the 
crack was insonified from the fine grain base material. The rightmost image shows a 
TFM frame generated with a 2.25 MHz DMA probe, typically recommended for this 
type of inspection. The crack is well detected, and the tip of the crack can be clearly 
resolved from the corner trap. As expected, the TFM technique provides only a minor 
improvement over an adequately focused standard sector scan (not shown on the 
figure). The examination techniques with the LM 5 MHz pulse-echo probe, using a 
larger 64-element aperture, provide better resolution of the crack morphology (facets), 
with the TFM image at the right outperforming standard PA UT, in terms of resolution 
and coverage. 
 
When the crack is insonified through the coarser grain austenitic weld material (bottom 
images), the high frequency L-waves from the pulse-echo probe don’t penetrate through 
the weld, and no signal from the crack is obtained. TFM processing doesn’t fix the 
strong attenuation of short wavelength ultrasound in coarse grain material. On the other 
hand, the 2.25 MHz DMA probe in TRL mode clearly detects the corner of the crack, 
and even the crack tip can be observed. The TFM approach works well in combination 
with the TRL mode, and provides the best inspection capability for the through-weld 
configuration. 
 

              
5. Conclusions 

 
Based on the results of the case studies presented in this paper, the following 
conclusions can be drawn regarding with TFM and other advanced focusing techniques: 

 TFM and other advanced focusing techniques are a promising additional tool in the 
phased array UT toolkit; they can improve the resolution of flaw images and 
increase the inspection coverage, in various applications  Active aperture and frame resolution are key parameters for the TFM technique, and 
must be carefully selected to exploit the full potential of the technique  Selection of appropriate probes, in terms of frequency and wave mode, remains a 
mandatory requirement for successful inspections.  In the framework of regulated inspections, code-compliant PA UT and TOFD 
techniques can be complemented with TFM for flaw characterization  Zetec’s new TOPAZ64 offers industrially proven PA UT and TOFD, and fast 
high-resolution “live” TFM, in a single fully-integrated portable unit. 
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