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Abstract 
With the emergence of Phased Array Ultrasonic Test as an advanced method for inspection of welded joints and the 

possibility of replacement radiographic test with this method, it is essential that the reliability and risk of using it 

compared with radiographic test be considered. For this purpose 26 welded connection samples with different 

thicknesses containing artificial defects were prepared and they were tested by RT & PAUT. Then using the 

experimental results and data collections of construction and equipment installation, the reliability of both methods 

of inspection and the risk of their application based on FMEA model were calculated and compared. 

Keywords: Phased Array Ultrasonic Test (PAUT), Radiographic Test (RT), Artificial Defects, Risk, Reliability, 

Failure Modes and Effect Analysis (FMEA) 

 

 

1. Introduction 
 
NDT methods are being developed concurrently with the development of technology. Experts 

are always trying to innovate new ways in order to detect industrial defects in products, in which 

manufacturing process may face with. For detection of defects, Ultrasonic wave-based method 

has been considered for years. In addition, it seems that having soared promotion of technology, 

this process has more potential for future development. One of the latest achievements of this 

method is Phased Array Ultrasonic Test (PAUT). This method provides good images of the 

defects and determines the sizes and locations carefully caused to great attention of Inspectors 

[1]. However, it seems we need more researches to replace RT by PAUT. Although in recent 

years many researchers have compared the methods based on ultrasonic waves with those for 

radiographic method, (as well as for the Conventional Ultrasonic method, Automatic Ultrasonic 

and Time of Flight Diffractions), there have not done enough research yet in case of PAUT. 

Most of researches have focused on the ability of its sizing, rather than a logical comparison with 

other conventional methods. The aim of this work is to compare the risk and reliability of PAUT 

with RT in cases of detection for weld defects. In this way, we have prepared 26 deliberately-

made defective welded samples in different thicknesses. These samples were tested by both 
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methods in accordance with standards requirements (ASME&ASTM). Table 1 shows the number 

and type of defects as well as chance of detection using different methods. Using simple 

statistical operations and Failure Mode Evaluation Analysis (FMEA) method, both risks and 

Reliabilities of these methods were compared with each other. 

 

2. Methodology 

 

First of all, 26 test plates and test pipes of carbon steel alloys with a simple connection schemes 

of "V" and "X" were prepared. Since the ability of detection of defects in a particular material, 

may depend on its thickness, and since the welding joints in an industrial unit are made of 

materials with different thicknesses, we have used a classification accordingly. 

 These classifications include: 

1. Group A:  10 ~ 19 mm thickness 

2. Group B:  20 ~ 39 mm thickness 

3. Group C: equal to and greater than 40mm 

The thickness of the samples has been classified based on low, medium and thick ranges.  

 

Table 1: Number of samples tested in terms of thickness and extent of tests performed 

 
1 2 3 4 5 6 7 8 9 10 11 

SAMPLE 

THICKNESS(mm) 
10 12 15 20 24 30 40 48 70 87 

 

TOTAL LENGTH 

(cm) 
120 120 60 120 120 60 880 120 90 120 1720 

 

 
Diagram 1: the percentage of samples used based on their thicknesses 

 

2.1 Tests requirements 

2.1.1 Radiographic equipment 

1. X- Ray Generator - RadioFlex - 300GEM 

2. And gamma ray equipment were used: The radiation source - Ir192 and Co 60 

 2.1.2 Films used in this profile are: 



1. Kodak - Mx 125 is equivalent to D4 

2. Kodak - A400 is equivalent to D7] 

2.1.3 PAUT equipment: 

 Harfang - X 32 series, Probe model PE-500 MI.00 P32E, Wedge Model PE-35WOR-2 and the  

 Software used for data analysis of PAUT was: UT-STUDIO- 2. 37R 

 

Samples were tested by both RT and PAUT taking advantages of experienced operators. 

Radiographs were interpreted by two interpreters qualified by ASNT-TC-RT-LEVEL II and an 

interpreter qualified by ASNT-TC-RT-LEVEL III. Subsequently, the results of all three 

interpreters were compared together. All recorded PAUT data were interpreted by two 

interpreters qualified by CSWIP - PAUT - LEVEL II, and ASNT-TC-UT-LEVEL III. 

Finally, a book containing pictures of results of radiographic tests and PAUT 

images were prepared. The summary of all results of the inspection methods used in this study 

are shown in table 2. The table contains the Profile and number of defects. It should be 

mentioned that abilities related to sizing have not been considered in this study. 

 

Table 2: The total numbers of defects, detection rate by PAUT and radiographic test, 

according to thicknesses 

 
CRACKs LOFs LOPs SLAGE CAVITY-s POROSITY-s 

10~19 

2 16 5 4 4 4 

RT PAUT RT PAUT RT PAUT RT PAUT RT PAUT RT PAUT 

1 2 8 16 5 5 4 4 4 4 4 4 

20~39 

8 21 14 8 3 10 

RT PAUT RT PAUT RT PAUT RT PAUT RT PAUT RT PAUT 

3 8 16 21 14 14 8 8 2 3 9 8 

40 and 

Over 

12 14 8 6 4 2 

RT PAUT RT PAUT RT PAUT RT PAUT RT PAUT RT PAUT 

3 12 4 14 2 8 1 6 2 3 1 2 

 

2.2 Analysis of Experimental Data 

To determine the risk of using and reliability of inspection methods, many parameters are 

involved. The most important ones are as follows: 

1. What are the critical flaws? (Referred to Severity impact) 

2. What is the probability of defects in structures? (Referred to Occurrence impact) 

3. What are the chances of detecting these defects? (Referred to Detection impact) 

 

2.2.1 Severity 

Response to the Severity impact can be summarized as below: 

1. Some weld defects are seriously dangerous for continuous services. 

2. These defects generally are planar kind. 



The most important of planar defects are Cracks, Lack of Fusions (LOF) and Lack of 

Penetrations (LOP). Other defects such as Gas porous and Slag, when are of long and drown 

shapes, can greatly affect the joint strength in second rank. The last kind of flaw which has less 

importance degree is gas porosity which It is even said that it can improve the strength of the 

welded connections in case of fatigue services[2]. So the final classification of the internal 

defects can be listed as follows:  

1. Crack 

2. Lack of fusion-(LOF) 

3. Lack of penetration (LOP) 

4. Slag 

5. Gas pores, cavities as well as wormhole 

6. Porosity 

Although many other defects in a typical welded joint can be raised, especially when 

predominantly dynamic loads are applied, generally these kinds of defects are detectable by 

visual inspection such as miss-match, overlap, etc. 

 

2.2.2 Occurrence 

The second question is the likelihood of a specific defect in welding joints.  Answer to this 

question is difficult because many parameters such as material characteristics, type of welding 

process, welding instructions, environment, filler material, welder skills and some unidentified 

causes are involved in this subject. Hence, estimation for the probability of defect occurrence 

might need to build plenty of testing samples and this work is really laborious and 

expensive. The only way to determine this parameter for our team was to see the archive of 

Statistical Quality Control (SQC) of MAPNA MD2 Power Generation Company. In this archive 

all documents of made boiler parts and their welding defects are preserved for the past 5 years.  

The boiler is containing several equipments which mostly made from plan Carbon Steel with 

different thicknesses ranging from 2.5mm in tubes to 100mm in Its Drums. These equipments are 

called as Inlet Duct, Casing, High pressure and Low pressure Drums, Water Tanks, Harps, 

External and Internal Piping, and lots of Steel Structures. Total weight of these parts is about 

2000 tons. The result provided by the MAPNA Co. is brought in the table 2. 

 

Table 2: Defect Occurrence Probability based on MAPNA Co. SQC 

Kind Of Defects 
Defect Probability 

MAPNA SQC 

CRACKS 0.06% 

LOF 1.38% 

LOP 1.38% 

SALG 6% 

CAVITY 6% 

POROSITY 6% 

 



 

 

 2.2.3 Detection 

The Chance for detection of defects by NDT methods have been prepared in some tables and 

diagrams, which provided by companies approved by the ASME / API in order to Fitness for 

Service (FFS) investigations [3].  

Some of these organizations that are approved by API581 standard are: 

1. Nordtest in Europe (Ultrasonic(UT), Magnetic particle (MT), and Radiographic (RT)) 

2. CIPS in the United States (UT in nuclear applications) 

3. U.S. Navy (UT and RT submarine) 

One Probability of Detection (POD) curve was plotted by Nordtest is shown in Diagram No.2 [3 

- 4]. Although these kinds of diagrams are useful for us to provide an overall view, these 

diagrams are based on flow size and using samples thickness up to 50mm whereas the kind of 

flaws is considered in our work and our range of thickness is up to 87mm. In this study the 

detection rate of defects were carried out. Collected data containing the total number of 

imperfections, some of which detected by PAUT and some was detected by radiographic 

techniques can be summarized as data which have brought in Table 3. 

 

 
Diagram 2: Sample of POD curve for UT[3] 

 

 

Table 4: Percentage of defects detected by the method of detection - RT and PAUT 

PERCENT OF DETECTIONS 

CRACKs LOFs LOPs SLAGE CAVITY-s POROSITY-s 

CATEGORY RT PAUT RT PAUT RT PAUT RT PAUT RT PAUT RT PAUT 

10~19 50% 100% 50% 100% 100% 100% 100% 100% 100% 100% 100% 100% 

20~39 30% 100% 70% 100% 90% 100% 90% 90% 60% 90% 90% 80% 

40 and Over 25% 100% 28.5% 100% 20% 100% 17% 90% 50% 82% 50% 80% 

 

 

 



2.2.4 Risk and reliability for various NDT methods  

To calculate the risk and reliability we took advantages of Failure Mode and effect Analysis 

(FMEA). There are three main tables in this model under the following headings [5]: 

1. Evaluation of critical events (occurrence evaluation criteria) 

2. Assessment of severity (severity evaluation criteria) 

3. Evaluation of the capability of detection ( detection evaluation criteria) 

 

The FMEA tables clarify the concept of number of three above matters. With using the concepts 

of the numerical data obtained from experiments, Risk and Reliability of applied NDT could be 

calculated. It can be said that there are probability of a defect or defects in a welded structure. 

Regarding to their nature, each defect has own severity of risk for service of structure or 

connection. Finally each flaw has its own degree of detection regarding to the applied NDT 

method. Now, according to the three tables of FMEA, the flaw probability table (Table 1), And 

the percentage of defects detected by each of the methods (Table 4),  the Occurrence parameter, 

Severity and Detection for each test method and for each different thicknesses can be 

summarized as tables 4 and 5. It is noteworthy that Occurrence and Severity of the flaw 

parameters are independent of the type of inspection methods and only the third parameter e.g. 

the ability to Detection is different in the NDT methods. 

 

Table 4: occurrence, severity and detection of defects in different thickness (RT) 

RT OCCURRENCE SEVERITY 

DETECTABILITY FACTOR 

DETECTION  

10~19mm 

DETECTION  

20~39mm 

DETECTION  

THK≥40mm 

CRACK 4 10 5.5 7.5 7.5 

LOF 6 9 5.5 4.5 7.5 

LOP 6 8 3.5 3.5 7.5 

SLAGE 7 6 3.5 3.5 7.5 

CAVITY 7 4 3.5 5.5 5.5 

POROSITY 7 3 3.5 3.5 5.5 

 

 

Tables 5: occurrence, severity, and the ability to detect defects in different thickness 

(PAUT) 

PAUT OCCURRENCE SEVERITY 

DETECABILITY FACTOR 

DETECTION  

0~19mm 

DETECTION  

20~39mm 

DETECTION  

THK≥40mm 

CRACK 4 10 3.5 3.5 3.5 

LOF 6 9 3.5 3.5 3.5 

LOP 6 8 3.5 3.5 3.5 

SLAGE 7 6 3.5 3.5 3.5 

CAVITY 7 4 3.5 3.5 4.5 

POROSITY 7 3 3.5 4.5 4.5 

 



According to the FMEA model, multiplication of Severity, Occurrence, and Detection is the 

criterion for defining the risk or Risk Priority Number (RPN) [5]. 

 

Equation 1:          PRN = OCCURRENCE × SEVERITY × DETECTION 

 

Therefore, from tables 4 and 5 we may reach a criterion for risk of using and selection of NDT 

method Compared with the kind of the flaw and the thickness ranges of samples. In the other 

words RPN can be considered as a risk of using of the applied NDT method for detection of the 

specific flaw in the specific thickness range. The results of the calculations are given in table 6:  

 

Table 6: The risk associated with the use of NDT methods in comparison with the flaw type 

and thickness range 

RPN values using NDT methods 

KIND OF 

DEFECT 

RPN FOR PAUT RPN FOR RT 

10~19 

mm 
20~39mm 

THK≥ 
40mm 

10~19 

mm 
20~39mm 

THK≥ 
40mm 

CRACKS 140 140 140 220 300 300 

LOF 189 189 189 297 243 405 

LOP 168 168 168 168 168 360 

SALG 147 147 147 147 147 315 

CAVITY 98 98 126 98 154 154 

POROSITY 73.5 94.5 94.5 73.5 73.5 115.5 

 

The following diagrams are based on data in table 6. 

 

 

 
Diagram 2: Risk of PAUT & RT method for Inspection of welding joints in different thickness 



Also based on data achievement from tests and calculations, the comparison of the risk between 

two different applied NDT methods could be evaluated based on thickness range as following 

table and diagrams. 

 

 

Table 7: RPN comparison between NDT methods based on sample thickness 

RPN  COMPARISON 

 

10~19mm 20~39mm THK≥ 40mm 

RT PAUT RT PAUT RT PAUT 

CRACKS 220 140 300 140 300 140 

LOF 297 189 243 189 405 189 

LOP 168 168 168 168 360 168 

SALG 147 147 147 147 315 147 

CAVITY 98 98 154 98 154 126 

POROSITY 73.5 73.5 73.5 94.5 115.5 94.5 

 

 

 
Diagram 3: Comparative risk of NDT methods in all thickness ranges  

 

 

3. Discussion and Conclusion 

 

As it can be seen in diagrams No 2, the risk level in both radiographic test and PAUT are 

different regarding thickness differences range. In Radiographic test diagram (Diagram No.2 –B) 

it seems that with increasing the sample thickness the risk of using of radiographic technique 

increases incredibly. Also the risk related to LOF reaches to 405 in samples with 40mm and over 

thick from 297 in thinner samples. In PAUT with increasing the thickness only little changes of 



RPN is observed (Diagram No.2 –A). The maximum changes are related to detection of cavities 

which reaches up to 126 in thick samples from 98 in thin ones. In general, the RPN of the 

radiographic test are much higher than value of the RPN of PAUT. For instance the RPN of 

using in PAUT technique is 189 for detection of LOF in thick sections, however, for RT is 405 in 

same case. The risk of using in both techniques in the lower sections is almost the same. 

  The diagrams No.3 Shows in the lower sections (Diagrams No.3- A), Risk of radiographic 

inspection method and PAUT are similar. Also with increasing thickness, Risk of these two 

methods has increasingly differed while they are not comparable in thick samples (Diagrams 

No.3- B). In this case PAUT is much more reasonable method of inspection in comparison with 

RT. 
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