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Abstract 

Ultrasonic testing is one of the core methods within the broad spectrum in the non-destructive 

testing industry. Use of ultrasonic arrays for non-destructive evaluation has been significantly 

increasing in the engineering industry throughout recent decades 
[2]

. Ultrasonic arrays are 

more versatile than single element transducers, being able to electronically steer and focus the 

beam providing a permanent record of the inspection. Multiple data presentation images and 

high speed electronic scanning improve potential for more improved defect detection and 

characterization [3]. Time of Flight Diffraction ultrasonic testing on welds was introduced in 

1977 [4].TOFD is an ultrasonic method that measures the time arrivals of signals diffracted 

by the extremities of flaws instead of relying on the amount of reflected energy [5]. When 

Phased Array and TOFD are used in conjunction, these two techniques allow for higher 

probability of detection (POD), normally requiring a greater amount of time and experienced 

UT inspectors [6]. 

The aim of this paper is to compare the test results acquired from fabricated welded 

specimens using conventional ultrasonics, ultrasonic phased array, and time of flight 

diffraction. Application of all methods will be assessed in terms of defect detection 

capabilities, defect signal response, inspection costs and time efficiency. 
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1. Introduction 

Over the past 30 years, manufacturing processes and techniques have improved significantly 

worldwide. Integration of NDT has played a key role in providing a high level of quality and 

consistency in production, whilst minimizing production and inspection costs. In the past 

decades, major advancements have emerged in the field of ultrasonic testing, one of the core 

methods within the broad spectrum in the non-destructive testing industry. 

 Nowadays, it is likely that phased arrays and TOFD systems will eventually replace 

conventional ultrasonic methods in numerous inspection applications (11). Combining these 

inspection configurations in a single setup can be used to assess welded components. 

However, this transition is not without its pitfalls and challenges, and these must be 

understood before the technology is completely embraced. 
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In this paper conventional and advanced ultrasonic techniques in weld inspection applications 

are compared in terms of defect detection capabilities, defect signal responses, equipment 

costs, time efficiency and finally the impact of operator’s skills on the accuracy of results. 

2. Test Samples 

The test samples used for the particular project were carbon steel butt welded plate 

specimens. Test samples have been selected to include a wide range of defects, common 

within the industry. ES Beam Tool 8 software has been used to generate appropriate drawings 

of the test pieces containing custom made defects, as shown in the figures below. 

 

 

 

 

 

 

 

 

 

 

 

Defect No.  Defect Type 

1 Incomplete Penetration 

2 Lack of sidewall fusion 

3 Slag Inclusion 

4 Toe crack 

Table 1: Defect Types in Specimen 1  

Defect No.  Defect Type 

1 Incomplete Penetration 

2 Cluster Porosity 

3 Bottom Toe Crack 

Table 2: Defect Types in Specimen 2 

Defect No.  Defect Type 

1 Sidewall Crack 

2 Sidewall Lack of Fusion 

3 Transverse Crack 

Table 3: Defect Types in Specimen 3 

Figure 1: Weld Cross Section of Specimen 1  

Figure 2: Weld Cross Section of Specimen 2  

Figure 3: Weld Cross Section of Specimen 3  



Page 3 of 16 
 

 

3.0 Manual Ultrasonic Testing 

3.1 Introduction 

Ultrasonic testing has been widely used within the NDT industry for decades. The first UT 

Flaw detecting device and measuring instrument was patented by Dr. Floyd Firestone in 

1940(1). It allows the characterization of the internal structure of a component using high 

frequency sound waves [1], without impacting the serviceability of the mechanism, providing 

instantaneous results.  

Ultrasonics is safe, can be done on site and can minimize any production delays. However, 

manual UT is time-consuming and highly operator-dependent (13). 

3.2 Equipment & Procedure 

International standard EN ISO 17640:2017 specifies the requirements for manual ultrasonic 

testing of full-penetration ferritic welded joints. All inspection parameters, such as 

calibration, sensitivity and range setting, number of angle probes used, number of scans, etc 

conform to current standard’s requirements. 

Ultrasonic flaw detector Olympus EPOCH 1000i is used, in conjunction with 45°, 60° and 

70° shear wave transducers of  5 MHz nominal frequency and coaxial cable connectors. 

 

Figure 4: Ultrasonic Testing Equipment Set-up 

According to EN ISO 17640 and testing level B, all specimens required four scans with two 

different angle probes to detect longitudinal discontinuities and four scans with two different 

angle probes to detect transverse discontinuities within the weld volume. 

Lateral and orbital scans were carried out from the half skip position assessing the root area of 

the weld, until slightly after the full skip position, to reveal flaws within the weld body and 

the Heat Affected Zone (H.A.Z.). 

For demonstration purposes a 2D model of the test pieces was generated, using ES Beam 

Tool 8 software. Probe and test piece parameters were used in order to enable showing beam 

coverage and scanning positions. For the below figures, the 60° angle probe is used. 
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Figure 5: Half Skip Scanning Position Figure 6: Full skip Scanning Position 

 

 

Figure 7: Scanning Pattern for Longitudinal Indications 

 

Figure 8: Scanning Pattern for Transverse Indications 

 

 

Figure 9: Scanning Pattern for Transverse Indications 
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3.3 Defect Signal Responses 

A-scan signal images acquired from the test samples mentioned above have been stored 

in the flaw detector’s memory and are shown in the figures below. Probe position has 

been manipulated to show optimum defect response, and amplification has been altered in 

many cases in order to show full signal response. 

  

Figure 10: Incomplete Penetration Figure 11: Slag Inclusion 

  

Figure 12: Lack of Fusion Figure 13: Toe Crack 

  
Figure 14: Mid-Body Crack Figure 15: Incomplete Penetration in DV 
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Figure 16: Cluster Porosity Figure 17: Transverse Crack 

4.0 PAUT Weld Inspection 

4.1 Introduction 

In the past decades, major advancements have emerged in the field of ultrasonic testing. Since 

the 1980’s multiple manufacturers have been producing phased-array ultrasonic testing 

(PAUT) systems (3). Phased Arrays are offering significant advantages in weld inspection in 

comparison to conventional ultrasonics.  Electronic scanning, beam steering and advanced 

focusing and data processing capabilities coupled with digitally stored (encoded) data   

optimize defect detection while minimizing inspection time (4).   

4.2 Equipment & Procedure 

Sonatest Veo PA instrument with 32:64 software was used, as shown in figure below.  

 

Figure 18: Phased Array Equipment Set-up 

The phased array transducer used for data acquisition was X3A-5M64E-0.6x10-SQX2.5. C-

Clamp scanner was used for recording PAUT data. Probe parameters are below  

Frequency 5 MHz 

Number of elements 64 elements 

Elevation 10 mm 

Element Pitch 0.6 mm 

Aperture 38.4 mm 
Table 4 
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International standard EN ISO 13588 specifies the requirements of phased array technology 

for semi or fully automated ultrasonic inspection of fusion welded joints in metallic materials. 

The equipment used for this particular part of the project conforms to the requirements of BS 

EN ISO 18563. More specifically, requirements of Testing Level B are applied, 

corresponding to Quality Level 2 in EN ISO 5817, which is commonly used, in accordance 

with EN ISO 13588:2012. 

A series of calibrations were performed, including velocity, wedge delay and sensitivity to 

obtain equal amplitude across the beam for every group. Time-Corrected-Gain (TCG) 

calibration was also performed to obtain equal amplitude for reflectors at multiple depths. 

One line scans were performed using the PA set-up included in the next section. 

4.3 Modeling & Beam Computation 

Initially for demonstration purposes, a 2D model for all parts was designed using the ES 

Beam Tool 8 software in order to determine necessary scanning position(s) related to specific 

joint type, and ensure sufficient coverage of the parts to be inspected. The software designs of 

the test pieces are shown in the below figures. 

 

 

 

Figure 19: Test Sample 1 

Figure 20: Test Sample 2 

Figure 21: Test Sample 3 
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Three different groups of elements were generated using the equipment’s software. For 

demonstration purposes, ES Beam Tool 8 software was used to show beam coverage for the 

beamsets specified below. Group No. 1 is a Linear beamset, focusing on detecting flaws 

orientated at the weld’s fusion faces. Group No. 2 is a Sectorial beamset focusing on detecting 

flaws at the weld body and the Heat Affected Zone. Group No.3 is a Sectorial beamset 

focusing on detecting flaws at the root of the weld. Focal law parameters used for the 

formation of the three groups of elements are shown in the table below. 

Group No. Scan Type Element Aperture Probe Angle(s) No. of Beams 

1 Linear 16 60° 48 

2 Sectorial 16 45°-70° 26 

3 Sectorial 16 45°-70° 26 

Table 5: Focal Law Parameters 

Beam coverage and beam formation for one of the test pieces is shown in the figures below. 

All scans for every specimen will have the same coverage from both sides of the weld. 

 

 

 

Beam of Group 1 

Beam of Group 3 

Beam of Group 2 
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Test-piece modeling and beam formation were repeated at the Sonatest Veo’s software, where 

3D models of the specimens, as well as the above focal laws were generated.  

4.4  Scanning Data & Defect Signal Responses 

This section includes scanning data and defect signal responses acquired by Sonatest Veo. PA 

systems offer multiple data presentation images. Data display selection for this section was S-

can, A-scan and Volumetric C-scan. Soft gain has been added in some cases to enhance 

indications. 

 

Figure 22: PA Data & Lack of Penetration Signal 

 

Figure 23: PA Data & Lack of Fusion Signal 

Combined Beams of Groups  

1, 2, 3 
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Figure 24: PA Data & Slag Inclusion Signal 

 

Figure 25: PA Data & Toe Crack Signal 

 

Figure 26: PA Data & Incomplete Penetration in DV Signal 

 

Figure 27: PA Data & Mid-Body Crack Signal 
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Figure 28: PA Data & Cluster Porosity Signal 

5.0 TOFD Testing 

5.1 Introduction 

Time of Flight Diffraction was introduced in 1977 [4] in UK’s nuclear industry. Nowadays, 

TOFD is recognized as the ultrasonic technique that provides most accurate through wall 

height measurements [5] for embedded planar flaws such as lack of fusion, cracks, etc. 

TOFD is excellent technique with highest probability of detection and sizing vertical extent of 

the defect. More specifically, this ultrasonic technique offers through rapid and relatively low 

cost inspections, excellent probability of detection for mid-wall defects, sizing for defects 

with transverse orientation and permanent record of inspection data and inspection 

parameters. 

However, dead zones at the outer surfaces, difficulty in interpreting data, and the need to 

combine with additional UT techniques for the exact location of defect are the most essential 

challenges when TOFD is used. 

5.2 Equipment & Procedure 

Sonatest Veo TOFD instrument was used coupled with 5 MHz phoenix probes, a phoenix 

caliper and scanner as shown in the figure below. 

 

Figure 29: TOFD System Set-up 
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International standard EN ISO 10863 defines the general principles for the application of the 

Time-of-Flight-Diffraction technique for both detection and sizing of discontinuities in low 

alloyed carbon steel components. All inspection parameters, such as calibration, sensitivity 

and range setting, number of angle probes used, number of scans, etc conform to current 

standard’s requirements. 

For demonstration requirements, ES BEAM 8 software was used to generate a model of the 

test pieces to be inspected and estimate important factors such as Probe Center Separation 

(PCS), dead zones, coverage and focusing. 

Calibration scans were carried out at the reference calibration block in order to verify overall 

TOFD system’s performance. Additionally calibration scans were required at the end of the 

inspection, in order to determine any changes in the effectiveness of the system set-up. 

All scans were performed focusing approximately at 2/3 of the thickness of the test pieces. 

 

Figure 30: TOFD System Set-up for Test-Piece 1 

 

Figure 31: TOFD System Set-up for Test-Piece 2 

 

Figure 32: TOFD System Set-up for Test-Piece 3 
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The above figures show essential variables in TOFD set-up such as Probe Center Separation 

(PCS), beam coverage, focusing area. Additionally, dead zones on both upper and bottom 

surfaces are displayed.  Dead zones close to the inspection surfaces, along with the fact that 

TOFD image is not linear, and data are more compressed near the top surface are the major 

drawbacks of TOFD. 

5.3 Scanning Data & Defect Signal Responses 

This section includes scanning data and defect signal responses acquired by Sonatest Veo. 

TOFD data was acquired by scanning parallel to the weld axis, performing a D-scan. The data 

below show the D-scan image generated by collecting the sum of individual A-scans stacked 

together for every millimeter of the scan.  

 

Figure 33: TOFD Data of Test-Piece 1 

 

Figure 34: TOFD Data of Test-Piece 2 

 

Figure 35: TOFD Data of Test-Piece 3 
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6.0 Discussions 

Conventional UT required a greater amount of time, is highly operator dependant and in most 

cases does not provide a permanent record of the inspection. 

Technique Total No. of Scans No. of Angle probes 

Manual UT 8 2 

PAUT 4 1 

TOFD 1 1 
Table 6: Necessary No. of Scans 

PAUT was faster, providing a permanent record of the inspection and data analysis can be 

repeated at any time. The use of multi-channel flaw detector paired with multi-element 

probes, significantly increased effective beam coverage and minimized necessary scanning 

positions. Electronic beam steering and electronic focusing allowed optimized defect 

response. 

Phased Array system proved to have excellent probability of detection for planar flaws in all 

zones within the weld. However, using only one line scans, which is the case in many 

inspections, does not enable the detection of transverse flaws. Fatigue cracks are the most 

critical type of defects, since they are more likely to grow and cause failure of the component 

or mechanism. This leads to the need of more complex and expensive scanners.  

 Lack of 

fusion 

Longitudinal 

Cracks 

Slag 

Inclusion 

Cluster 

Porosity 

Incomplete 

Penetration 

Transverse 

Crack 

UT ✔ ✔ ✔ ✔ ✔ ✖ 
PAUT ✔ ✔ ✔ ✔ ✔ ✖ 

TOFD ✔ ✔ ✔ ✔ ✔ ✔ 

Table 7:  Flaws Detected in Longitudinal Scans 

TOFD offered excellent probability of detection for mid-wall planar and transverse flaws 

within the welded test-pieces. System setup, calibration, scanning and data analysis were 

faster than UT and PA.  

Increased cost of equipment for PAUT and increased difficulty in equipment operation and 

data interpretation are the major drawbacks. Oversized through wall height responses from 

flaws should also be taken into consideration when critical assessment is necessary. 

Appropriate training is vital to overcome these obstacles. 

Method Conventional UT PAUT TOFD 

Time for System set-

up  & Calibrations(s) 

Low High Medium 

Time for Data 

Acquisition 

High Low Low 

Time for Data 

Analysis 

High High High 

Table 8 

Dead zones on both upper and bottom surfaces and worse near surface resolution are the 

technique’s major drawbacks. Data analysis and interpretation was more difficult than UT and 
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PA. Flaw characterization had a level of difficulty and in many cases was not possible due to 

similar signal responses from different flaw types.  

Even though equipment costs and set-up time were increased for both PAUT and TOFD, both 

scanning and analysis duration decreased significantly. The permanent record that can be re-

examined at any time acts as evidence of the actual weld’s condition. 

7.0 Conclusions 

Modern inspection requirements facilitate the need for fast, cost-effective and reliable 

ultrasonic inspections. Records are vital to confirm the validity of results and appropriate 

method application. Substitution of manual conventional ultrasonics with advanced ultrasonic 

techniques in the future seems inevitable. 

Both PAUT and TOFD offer advantages and have certain limitations. Integration of both 

techniques in single set-ups makes full use of the potential capabilities of ultrasonics. When 

used in conjunction, both PAUT and TOFD compensate for each other weaknesses and act as 

a second confirmation, proving the integrity of results. . A multi-zone inspection strategy is 

essential when planning such systems. 

Difficulties in equipment operation and data interpretation are the major challenges. Efficient 

conversion to advanced ultrasonic techniques can be achieved only through appropriate 

comprehensive training. 
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