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Abstract 
 
Welds have been inspected by radiography for years, but this technology has major 
drawbacks: low detection rates for critical planar defects (i.e. cracks and lack of fusion), 
subjective interpretation, no vertical sizing capability, significant safety hazards, 
licensing issues, plant closures, and generally slow inspection rates. For decades, the 
main alternative was manual ultrasonics, which is also slow, subjective and has limited 
hardcopy recording. New technology and techniques are now available for improved 
weld inspections, specifically phased array technology and diffraction techniques. New 
portable phased arrays can now perform a single linear scan of the weld, performing 
multiple scans at different angles simultaneously.  
 
In addition, phased arrays can perform unique scans, like S-scans (sectorial scans), record 
and display all data in “top, side, end” views or similar, and perform multi-mode scans. 
Some estimates show that linear scanning with phased arrays is five times quicker than 
manual scanning. Besides being requiring just a single operator, portable phased arrays 
are now economically competitive with other weld inspection techniques. 
 
The “new” techniques consist of forward (Time of Flight Diffraction, or TOFD) and 
backward diffraction for sizing defects. Both these techniques have been around for 
decades, but new technology has made them more practical. TOFD has the major 
advantage that it is essentially angle-independent. Back diffraction has the advantages 
that it is intuitive, and can size defects down to ~1 mm, which is generally better than 
TOFD. Phased arrays can perform both pulse echo and TOFD simultaneously during a 
single linear scan, so giving essentially a “complete” weld inspection.  
 
Keywords: phased arrays, Time-Of-Flight Diffraction, welds 
 
1. Introduction 
 
Ultrasonic phased arrays are a novel method of generating and receiving ultrasound. 
They use multiple ultrasonic elements and electronic time delays to create beams by 
constructive and destructive interference. As such, phased arrays offer significant 
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technical advantages over conventional single-probe ultrasonics; the phased array beams 
can be steered, scanned, swept and focused electronically.  

• Electronic scanning permits very rapid coverage of the components, typically an 
order of magnitude faster than a single probe mechanical system.  

• Beam forming permits the selected beam angles to be optimized ultrasonically by 
orienting them perpendicular to the predicted defects, for example Lack of Fusion 
in welds.   

• Beam steering (usually called sectorial scanning) can be used for mapping 
components at appropriate angles to optimize Probability of Detection. Sectorial 
scanning is also useful for inspections where only a minimal footprint is possible.  

• Electronic focusing permits optimizing the beam shape and size at the expected 
defect location, as well as optimizing Probability of Detection. Focusing improves 
signal-to-noise ratio significantly, which also permits operating at lower pulser 
voltages. 

Overall, the use of phased arrays permits optimizing defect detection while minimizing 
inspection time. Phased arrays have been extensively described elsewhere [1].  
 
 
2. TOFD – Time-of-Flight Diffraction 
 
TOFD detects diffracted signals from the tips of defects [2, 3]. These are low amplitude, 
and phase-sensitive, so unrectified signals are used. The normal TOFD set-up uses 
separate pulser and receiver probes on either side of the weld, then scans linearly along 
the weld. 
 

 
 

Figure 1: left. Schematic of TOFD set-up; right. Typical TOFD display with defects. 
 
The TOFD configuration needs a transmitter and a receiver using a wide-angle beam as 
shown in Figure 1 (left).  Normally longitudinal waves are used, and these cover the full 
volume from a single probe pair. TOFD detects and records signals diffracted from defect 

Lateral Wave 

Backwall 
Reflection 

Tip diffraction 



tips for both detection and sizing. Four types of wave are used in TOFD as in Figure 1 
(right):   
 
The Lateral wave:  A sub-near-surface longitudinal wave generated from the 

wide beam of the probe. 
The Back wall reflection:  A longitudinal wave reflected from the back wall 
The Reflected wave:  A longitudinal wave reflected by a lamellar planar defect 
The Tip Diffracted wave:   A circular L-wave diffracted by the edge of a defect.  
 
TOFD is a very powerful technique, and allows accurate sizing of defects. The coverage 
of this technique can be around 90 % of the through-wall thickness.  About 10 % is lost 
in the two dead zones (ID and OD), but the actual dead zone figure depends on the TOFD 
configuration, wall thickness, frequency and damping. These two dead zones are located 
near the Lateral Wave and near the Backwall reflection.   
 
To get full 100 % coverage, TOFD should be combined with the Pulse Echo technique. 
Conveniently, TOFD and PE are complementary; the strong features of pulse-echo (e.g. 
surface defect detection) are the weak points of TOFD, and vice versa. Again, TOFD is 
well described elsewhere [2,3]. 
 
3. Back Diffraction 
 
TOFD techniques use forward scatter signal analysis.  Limitations of TOFD as a result of 
flaw proximity to the test surfaces and ring time have been discussed elsewhere [4]. 
TOFD requires probe access from two sides of the flaw to facilitate the receiver probe 
optimising on the transmitted forward scattered pressures. In contrast, back scatter 
techniques use a single probe, and results to date show that they have smaller dead zones 
than TOFD. Back scatter equipment is minimal; a standard phased array unit and suitable 
array.  
 
Backscatter techniques have been most successful for sizing a flaw that is known to be 
surface breaking, i.e. many in-service applications.  This provides a ready reference 
signal from the corner reflection.  Various authors have described techniques for this 
surface connecting condition and, except for the difficulties of flaws not being oriented 
exactly perpendicular to the connected surface, these techniques can provide reasonably 
accurate size assessments for flaws having vertical extents more than about 2-3 
wavelengths.   
 
The back scatter principle is shown in Figure 2.  
 



 

 
Figure 2: Typical back scatter sizing technique. 

 
Analyzing the signals from a flaw has shown that each low amplitude tip signal and the 
defect reflection can be used to determine location, defect height and surface breaking or 
not.  
 
Figure 3 shows a typical phased array S-scan with corner reflector and crack tip visible. 
This is an outside (OD) crack, and the tip signal can be clearly seen. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: S-scan with OD crack and tip reflector visible. 
 
Previous work with multiprobes showed that one of the biggest problems was correctly 
identifying the crack tip signal. Phased arrays offer major improvements here, and 
elsewhere [5]. 

• True depth S-scan imaging is a major asset in identifying tips of known cracks 
• The aperture and focusing can be tailored to the depth. 
• New piezo-composite arrays significantly improve SNR (by ~20 dB) 
• Newer software has improved filtering. 

 
4. Matrix Arrays 
 
More advanced arrays, such as 2D and 1.5D matrix arrays, are used for specific 
applications, such as austenitic weld inspections and to compensate for pipeline curvature. 
Figure 4 shows a TRL-PA (Transmit-Receive Longitudinal wave- Phased Array) probe, 
which can sweep L-waves through the weld for defect detection [6].  



 

 
Figure 4: Typical TRL-PA probe for austenitic weld inspections. 

 
Developing TRL-PA is complicated, and relies extensively on modeling. Other areas of 
improvement consist of weld overlays, automated scanning and imaging. Figure 5 shows 
a weld overlay on a double V-bevel, with a defect clearly marked on the ID corner root.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5: Multiple scan weld overlay example. 
 
Overall, there is a wide variety of automated scanning systems available, ranging from 
simple encoders and handscanners (semi-automated scanning) through fully automated 
and magnetic scanners to robotics [7]. The choice depends on application, budget, codes, 
skill level etc [8].  
 
5. Conclusions 
 

• A combination of phased array and TOFD can effectively find all relevant defects. 
• AUT can readily replace RT, and will have better detection capabilities, as well as 

no radiation, licensing or waste material. 
• TOFD and/or back diffraction, confirmed by phased array pulse echo, will 

reliably size to high accuracy. 



• Many different phased array and AUT approaches can be used to fulfill weld 
inspection codes 

• There are many possibilities for delivery systems, from handscanners to fully 
automated systems.  

• Ultimately, the choice of system is controlled by codes, component requirements, 
budget and knowledge. 
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