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ABSTRACT: The Phased Array Ultrasonic Testing (PAUT) and Time of Flight Diffraction 
(TOFD) technologies have made rapid changes in inspection and reliability in various industries. 
These ultrasonic testing techniques are rapidly replacing conventional radiography. A major 
advantage in replacing RT with PAUT & TOFD is reducing the radiation risks apart from 
increased probability of detection (POD), production rate and better sizing of the discontinuities. 
This paper discusses the replacement of RT by PAUT & TOFD on ASME U Stamp pressure 
vessel fabrication projects. 
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2. INTRODUCTION 
 
Prevention of disasters is a major concern in any industry. Nondestructive testing as a 
reliable tool has played an effective and important role in this regard. Conventional 
Ultrasonic testing of heavy wall thickness pressure vessels is a common practice. Due 
to the increasing demand for more thorough inspection of pressure vessels, researchers 
have begun looking into more innovative means of defect measurement. Principally, the 
Phased Array Ultrasonic Testing (PAUT) &  Time-Of-Flight Diffraction (TOFD) flaw-
detection procedure has been implemented to achieve good results and this 
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combination shown to be an effective procedure for size and location determination of a 
discontinuities. 
 
Specifically, this combination was proven that this is more suitable for thick structures 
(above 13mm). Today, the PAUT & TOFD procedure is used for operational inspections 
or quality control of structures during production instead of routine radiography and 
conventional ultrasonic shear wave procedures. Although TOFD is more often utilized 
for inspecting welds with simple geometry and fine grain steels, such as welds with 
thicknesses from 13 mm to 300 mm, it is useful in inspecting more complex geometries. 
Defects like cracks, lack of penetration, lack of fusion, porosity, and slag in welds of 
pressure vessels could be diagnosed via this technique very precisely. Major 
components in the vessels are Nozzles which are difficult to do Radiography. Nozzles 
are also pressure retaining parts of the reactors. Even small discontinuities can weaken 
the containment strength of a pressure vessel. Nozzle types can be identified as either 
“set on” or “set through” nozzles. Set-on nozzles have the secondary cylinders (i.e. the 
nozzle) prepared with the weld bevel, and set-through have the primary vessel prepared 
with the bevel.  
 
ASME Code Case 2235 allows for the substitution of Phased Array (PAUT) & Time of 
flight diffraction (TOFD) in lieu of radiography for the examination of heavy wall pressure 
vessel welds & Nozzles accordance with ASME Section I, para.PW-11; Section VIII 
Division 1, para.UW-11 (a); Section VIII Division 2, Table AF-241.1; This paper 
discusses the advantages of the ultrasonic examination by PAUT and TOFD over 
radiography and summarizes the code requirements. 
 
The most suitable technique for the complete volume coverage of heavy wall thickness 
& Nozzle joints and coverage of the weld and heat affected zone would be combined 
phased array ultrasonic testing (PAUT) and TOFD together which also meet the code 
(ASME Code Case 2235, ASME Section VIII DIV 1 & DIV 2) requirements. 
 
Analysis of the acquired Data is done using Tomoview software and evaluation done in 
accordance with code case. Finally, a computerised report summarizes the results of 
the examination. 
 
This paper explains the successful implementation of PAUT in lieu of RT on ASME U 
Stamp Pressure vessel fabrication project carried out at the workshop of one of our 
client. 
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Photos of Pressure vessel welds and Performance of PAUT & TOFD by cutech’s 
advanced NDT team at work shop 
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3. Radiography Testing (RT) Verses Automated Ultrasonic Testing (AUT -PAUT & 
TOFD) 
 
Radiography has been practiced as the primary non-destructive testing technique for 
examining heavy wall pressure welds for decades. The requirements of radiography are 
well known and documented by the ASME code. Manual UT has been used to locate 
size and confirm the indications found in radiography testing. In thinner wall vessels, 
radiography is most suitable for detecting both volumetric and planar Indications. The 
difficulties arise when the wall thicknesses begins to increase and the signal to noise 
ratios of these typical small indications found by radiography quickly and inherently 
begins to diminish. This occurs simply due to increasing volume of the weld metal and 
the heat affected zone. Field experience with automated UT done as per code 
requirements has shown consistent performance without any reduction in signal to 
noise ratio even with increasing weld thicknesses. More importantly, the ultrasonic data 
can measure with a high degree of certainty the through wall / two dimension of an 
indication. This added dimension along with the length and location of an indication 
allows for very clear interpretation of the accept/reject criteria as per the ASME code. 
 
Other advantages: 
 

• Regulations for the use of Radiography are tight involving special precautions 
like additional lead or concrete radiation shields, radiation monitoring and 
evacuation of the construction site to do the radiographic testing. This causes a 
lot of time delay and costs a lot. Secondly, the work has to be stopped to make 
the exposures on heavy walled vessels. For AUT, we need not clear the area 
because of no hazards. 

 

• Like Radiography, in AUT  we can characterize the indications found to be planar 
(crack like or lack of fusion) or volumetric (slag, porosity etc). More over AUT 
provides measurement of the through wall dimension of an indication. 
 

• Results are instant and can be applied to control the ‘welding procedure’ and 
make timely rectifications 
 

•  A single pass examination by a well-designed automated UT system is offering 
the fastest inspection method today and saves valuable time for Construction 
Company. 
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4. Inspection Methods  
 
4.1 Phased Array Ultrasonic Testing  
 
PAUT is an advanced method of ultrasonic testing that has applications in medical 
imaging and industrial testing. When applied to metals the PAUT image shows a slice 
view that may reveal defects hidden inside a structure or weld. Phased array uses an 
array of elements, all individually wired, pulsed and time shifted. A typical user friendly 
computerized setup calculates the time delays from operator input, or uses a predefined 
file: test angle, focal distance, scan pattern and so forth. The technique also provides a 
combination of various scans in the same equipment set-up. B-Scan is a side view, C-
Scan is a top view and the S-Scan is a cross-sectional view. These views can be better 
understood in the Figure 2. From a practical viewpoint, ultrasonic phased arrays are 
merely a technique for generating and receiving ultrasound; once the ultrasound is in 
the material, it is independent of the generating technique. Consequently, many of the 
details of ultrasonic testing remain unchanged; for example; if 5 MHz is the optimum 
testing frequency with conventional ultrasonic, then phased arrays would typically 
Use the same frequency, aperture size, focal length and incident angle. As such, 
phased arrays offer significant technical advantages over conventional single-probe 
ultrasonic; 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 scanning length 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 offer significant advantages over traditional radiography 
of welds as well: 
 

• No safety hazards 
• Inspection as soon as weld is cool 
• Better defect detection and sizing 
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• Great flexibility in parameter range 
• Compliant with all known codes 
• Many special techniques are possible. 

 
Recently we have done Phased array Ultrasonic testing in our client site for ASME U 
stamp pressure vessel where the Authorized Inspector (AI) had approved PAUT for 
ultrasonic examination of welds and in lieu of RT for thickness over 3”. Some of the 
indications found during the PAUT are shown below. 
 

 
 
 

                                                               Figure 2 – PAUT Images 
 



                                                                                                                                                         Page No 7 of 14 

 
4.2 Time Of Flight Diffraction  
 
Time of Flight Diffraction (TOFD) is an advanced automated computerized UT based 
NDT technique, used for in-service inspection of welds for heavy walled pressure 
vessels. TOFD system is capable to scan, store and evaluate flaw indications in terms 
of height, length and position with greater accuracy and is suitable for weld thickness 
ranging from 13 mm to 300 mm.  
 
The principle and operation of TOFD: The TOFD technique is based on diffraction of 
ultrasonic waves on tips of discontinuities, instead of geometrical reflection on the 
interface of the discontinuities. When ultrasound is incident at linear discontinuity such 
as a crack, diffraction takes place at its extremities in addition to the normal reflected 
wave. This diffracted energy is emitted over a wide angular range and is assumed to 
originate at the extremities of the flaw (Fig.3). Scanning is done externally parallel to 
weld axis using longitudinal wave probes with incidence angle range of 45° to 70°. 
When flaw is detected during the scanning, Signals from the upper and lower tips of the 
flaw are displayed as  B / D-Scan image. The conventional UT relies on the amount of 
energy reflected by the discontinuities  
 
 
 
 
 

 
 
  
                          Fig. 3 Principle of Time of Flight Diffraction (TOFD)  
 
Legend: 1 - Transmitted wave 2 - Reflected wave 3 - Through transmitted wave  
4 - Diffracted wave at upper crack tip 5 - Diffracted wave at lower crack tip  
 
 
In addition to energies diffracted by defects, the TOFD method will also detect a surface 
(lateral) wave travelling directly between the probes and also a back wall echo from 
energies that reach the back of the test piece without interference from defects. The 
TOFD technique uses a pair of probes in a transmitter-receiver arrangement (Fig. 4). 
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Usually longitudinal probes are applied with an angle of incidence range of 45° to 70°. 
The diffracted signals are received via the receiver probe and are evaluated with the 
Ultrasonic System. The difference in the flight of the diffracted wave fronts carry the 
information on the spatial relationship of the tips of the defect and hence the extent of 
the defect. TOFD method only evaluates diffracted echoes. 
 

                                         Fig. 4 Transmitter-Receiver arrangement of TOFD  
 
 
 
4.3 Combined TOFD and Phased Array Technique 
 
It is common in Non-Destructive Testing that one NDT technique does not fit in to fulfill 
all tasks. For heavy wall weld inspection using TOFD, we also have some inherent 
issues to overcome. 
 

• TOFD has a certain dead zone at the surface (limited detection in HAZ area). 
And near Back wall also. Additional techniques need to be used to ensure 
coverage of these areas. 

• As the wall thickness increase, one TOFD transducer pair with proper beam 
spread and sensitivity is not capable of examining the entire weld volume. So, as 
the wall thickness increases, multiple TOFD transducer pairs will have to be 
used. 
 

Therefore, to examine fully, a heavy wall weld in a single pass, we offer a combined 
Multichannel (TOFD+PAUT), zonal inspection, testing technique. 
 
In short, multiple probes or probe combinations are fixed in a bracket in such an order 
that together they cover the whole volume of the weld. Each probe or probe 
combination is directed to a certain portion of the weld and together these probe units 
cover the whole volume of the weld. Probe characteristics are optimized in a way, that 
all possible weld anomalies are detected with high confidence. This principle is called 
“zonal discrimination”. 
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Typically, a 95 mm heavy wall weld requires 3 TOFD channels– each to cover the top, 
middle and bottom zone respectively. 3 PAUT channels – one transducer on either side 
of the weld is required to cover the top surface. Similarly, two more PAUT channels, one 
on each side of the weld is required to cover the bottom surface. 
 
5. ASME Code Case 2235 Requirements 
 
ASME Code Case 2235 allows for the use of ultrasonic examination in lieu of 
radiography for Pressure Vessels and Power Boilers welds greater than 13 mm wall 
thickness. The Code Case says the following: “The Ultrasonic examination area shall 
include the volume of the weld, plus 2 in. on each side of the weld for material greater 
than 8 in. For material thickness 8 in. or less, the ultrasonic examination area shall 
include the volume of the weld, plus the lesser of 1 in or t on each side of the weld. 
Alternatively, examination volume may be reduced to include the actual Heat Affected 
Zone (HAZ) plus ¼ in. of base material beyond the heat affected zone on each side of 
the weld, etc.”  
(Where t = the thickness of the weld without any allowable reinforcement.) 
 
5.1 Weld Qualification Block – A weld qualification block of similar weld geometry 
should be prepared with a top surface defect, a bottom surface defect, and an 
embedded defect – all defects lying along the weld fusion line. 
 
 
5.2 Qualification Demonstration – A Qualification demonstration on the qualification 
block is essential. The qualification targets (Surface and embedded notches) are used 
to prove the technique. Side drilled holes can also be made and provided in the same 
block and these targets will be used to set the system sensitivity. Therefore, one single 
block can also be used at times for qualification work as well as calibration purposes. 
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5.3 Technique Demonstration 
 
In a performance demonstration in front of an ASME Authorized Inspector (AI), two key 
issues are important. 
 

1) First, it must be demonstrated that the procedure fulfills all requirements of the 
relevant paragraphs of the ASME Code Case 2235-10. 

2) Second, the performance demonstration must make clear that the examination, 
exactly following the procedure, is able to detect and size specified artificial 
defects, and that the acceptance criteria for weld defects as stated by the Code 
Case can be correctly applied. 
 

An ASME authorized inspector must be fully convinced that the inspection procedure 
confirms to the code case. 
 
Minimum requirements is that Qualification Blocks used should have similar weld 
geometry with minimum specified defects like top surface defect, bottom surface defect, 
and an embedded defect – all along the weld fusion line. Material composition  
(P-number grouping) should be alike. 
 

                            
 
 
                               Fig 5: 57 mm & 95 mm thick, Qualification Blo 
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6.0 Equipment Details  
 
We have used Olympus Omni scan MX 2 latest version PAUT & TOFD machine and 
our motorized scanning device is HSTM FLEX & Manual Mini wheel Encoder. 

5.1 PAUT & TOFD Scanner 

The HSMT-Flex™ is intended for one axis encoded inspection of circumference welds 
on pipes of 4.5 in. OD (114.3 mm) and greater. The scanner comes equipped with four 
probe holders but can be mounted with a total of eight probes with optional probe 
holders. Mounted probes can be either phased array or conventional UT for most 
efficient inspections. The major characteristic of the scanner is its capacity to bend in 
the center. This allows the scanner to fit on smaller pipes and also to bring the force of 
the spring-loaded arm in the radial direction of the pipes for better stability of the wedge, 
and therefore, optimum data acquisition. For the same reason, optional probe holders 
that are installed on the outside of the scanner can also pivot. The HSMT-Flex also 
allows one of its side frames to slide. This feature allows having the probes mounted on 
the outside of the scanner. This provides a configuration that is well-suited for hard-to-
reach places such as pipe-to-component welds 
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6.0 Flaw Acceptance Criteria 
 
The ASME Code Case 2235 presents detailed and analytical requirements for Flaw 
Acceptance Criteria’s in three separate tables : 
 
Table 1 - 13 mm to less than 1” THICK WELD 
Table 2 - 1” to 12” THICK WELD 
Table 3 - Larger than 12” THICK WELD 
 
7.0 Results 
 
PAUT & TOFD on 95 mm Thick Pressure vessel Demonstration block results which is 
approved by Authorized Inspector (AI) 
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8.0 Conclusions 
 
The Time Of Flight Diffraction (TOFD) & Phased Array Ultrasonic Techniques (PAUT) 
are rapid, versatile, reliable and an effective advanced UT based NDT method for 
inspection of welds especially for heavy walled pressure vessels (both pre-service and 
in-service) with better flaw detection and accurate evaluation of flaw location and flaw 
sizing. And also combination of PAUT & TOFD proves that a careful preparation of scan 
plan with appropriate coverage & angles of PAUT & TOFD can detect all flaws that are 
probable to occur during the welding, thus increasing the reliability of test despite 
limitation of not having access from both sides of weld to scan apart from this operators, 
scan plan, procedure, equipment, accessories such as fixtures, scanners, encoders etc. 
are needed to be established and validated on a mock up with all probable defects 
before allowing the same on actual welds. Then only on such complex geometry, RT 
can be replaced by UT reliably. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


