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Abstract. A high sensitivity ultrasonic inspection system for HFW pipes was 
developed. The system is able to detect the density of micro-scale oxide penetrators 
in the welded seam, evaluate the low temperature toughness of the welded seam and 
assure the reliability of HFW pipes for use in severe environments.  
 In order to investigate the factors that affect the quality of welded seams, we 
conducted an ultrasonic C-scan test of sliced samples of welded seams with a focused 
probe and found that the density of scattered-type oxide penetrators is a key factor for 
the quality of welded seams. Although the size of the individual penetrator is 
negligible, being as small as several μm, the density of such penetrators affects the 
low-temperature toughness of welded seams. Therefore, we optimized the focused 
beam size to detect scattered penetrators. The absorbed energy obtained by the Charpy 
impact test can also be evaluated by the ultrasonic echo amplitude with the optimized 
focused beam size (about 1mm2) for detection of scattered penetrators. 
 To enable non-destructive inspection of the density of scattered penetrators in 
actual production lines, we developed a point focused beam tandem method using the 
ultrasonic phased array technique. Point focused beam inspection of the whole 
thickness of the welded seam can be achieved by using a linear array probe with the 
optimum transmitting/receiving timing and scanning. As the sensitivity of the 
developed method, we obtained S/N (Signal to Noise ratio) of 20dB with a standard 
artificial through-drilled hole of 1.6mm in diameter. This sensitivity is sufficient for 
estimation of the density of penetrators. The results of a comparison of density 
estimation by the new phased array technique and the absorbed energy in the Charpy 
impact test showed a good correlation. That is, it is possible to estimate Charpy 
absorbed energy by using the new phased array technique. 
 The developed ultrasonic inspection system, which consists of the point focused 
beam tandem method and a precise seam tracking system, has been used at the 24" 
HFW mill at East Japan Works (Keihin District) of JFE Steel Corporation since 2011 
and at the 26” HFW mill at JFE Steel Chita Works since 2012. 
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Introduction   

 The development of a new high sensitivity ultrasonic inspection system for quality 
assurance of the welded seam of HFW pipes is described in this paper.  
    HFW pipes are manufactured by high frequency electric resistance welding (HFW). 
Recently, HFW pipe production technology has progressed rapidly, and application of HFW 
pipes as linepipe is increasingly common. Application of HFW pipes in severe environments 
where UOE pipes and seamless pipes have conventionally been used is also increasing 
gradually. In response to these trends, quality assurance of the welded seam of HFW pipes is 
very important[1] [2] [3]. 

 Generally, mechanical testing and non-destructive inspection are used in quality assurance 
of HFW pipes [4] [5]. Mechanical tests are performed to check the mechanical performance 
of the base metal and weld zone, for example, yield strength, tensile strength, toughness, etc. 
However, mechanical testing is a destructive method in which the performance of a whole 
production lot is assured by a partial check. Non-destructive inspection is applied to detection 
of flaws in the surface and middle zones of welds and the base metal. This method enables 
quality assurance of the entire length. If it is possible to guarantee mechanical performance, 
safer products can be provided. For this purpose, non-destructive evaluation of mechanical 
properties is necessary. 

 Previously, the influence of penetrators as a factor that affects toughness was reported. A 
penetrator is an oxide generated during HFW. Penetrators are ordinarily about 2mm to 5mm 
in size. While it is possible to detect penetrators of mm order size by the conventional non-
destructive ultrasonic test, as result of progress in HFW pipe manufacturing technology, 
penetrators of mm size are now rare. Today, control of very micro-scale penetrators is 
important, and inspection for these flaws is naturally important. 

 In this research, the distributions of micro penetrators that affect low temperature 
toughness were clarified, and a new ultrasonic inspection system that can detect such 
distributions was developed in order to evaluate the low temperature toughness of HFW pipe. 
 

1. Effect of small oxides on low temperature toughness 

 First, the relationship between micro penetrators and low temperature toughness is 
described. It has been pointed out that there is a correlation between the area of a penetrator 
in the ductile fracture area in the cross section of the Charpy impact test piece and the 
transition temperature [1] [2]. In a report by Tagawa et al., in order to investigate the form of 
micro penetrators that influence the results of the Charpy test, the micro penetrators in the 
fracture surface were observed and analysed by scanning electron microscopy (SEM), and 
the distribution or density of micro penetrators was determined. Although it is inferred that 
the density of iron-based micro penetrators influences absorbed energy [3], there is no direct 
evidence supporting this conjecture because it is difficult to investigate the density of micro 
penetrators by conventional analytical methods by SEM. If it is possible to detect the density 
before the Charpy impact test, direct evidence of the conjecture relationship can be obtained. 

Therefore, in this research, we investigated the relationship between micro penetrators and 
low temperature toughness by using an ultrasonic C-scan test with a focused probe and 
samples sliced from the weld seam in order to clarify the size and form of penetrators that 
affect low temperature toughness. 

Figure 1 is a schematic illustration of the test method using the ultrasonic C-scan test with 
the focused probe. The ultrasonic C-scan test was carried out with sample pieces sliced from 
two types of HFW pipes, one with good low temperature toughness and the other with poor 
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low temperature toughness. The sample pieces were sliced from different parts than the parts 
used in the Charpy impact test. In an ultrasonic C-scan test, two types of ultrasonic wave 
beams are used. The specification of the point focused probe is shown in Table 1. 

 

 
Fig. 1 Schematic illustration of test method. 

Table 1 Specification of point focus probe. 

Type Specification 
A Frequency : 50MHz 

Aperture of vibrator : 6mm  
Focus position: 10mm 

Beam size: 100μm (approx.) 
B Frequency: 50MHz 

Aperture of vibrator: 6mm  
Focus position: 10mm 

Beam size: 100μm (approx.) 

 

 
Fig. 2 Results of ultrasonic C-scan test with focused probe. 

 
Figure 2 shows the results of a comparison of the maps obtained by an ultrasonic C-scan 

test with the focused probe and low temperature toughness (Charpy absorbed energy). When 
using the narrow ultrasonic beam (100μm), there are several topical indications in both 
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samples, and there is no relationship between these topical indications and low temperature 
toughness. On the other hand, when using the wide beam (250μm), scattered hazy indications 
can be observed only in the sample piece with poor low temperature toughness. In the 
detailed analysis results, micro oxides were detected in the part where the scattered hazy 
indications were observed [3], and low temperature toughness was low when the density of 
the scattered micro oxides was high. It was also found that there is an optimal beam size for 
detection of scattered micro oxides, and that optimal beam size is an area of 1mm2 or more 
[6]. Scattered micro oxides indicate the existence of a vertical flaw in the weld seam.  

2. Development of high sensitivity UT 

The point focused tandem method using the ultrasonic phased array technique was 
developed as a technique for estimating the density of scattered micro oxides. This technique 
is explained schematically in Figure 3. The tandem configuration is employed by using a 
phased array probe with a different transmission unit and reception unit. This has the effect 
of reducing the noise echoes which are reflected from the surface. The use of an array probe 
makes it possible to scan the focal point of the ultrasonic beam from the inner surface to the 
outer surface in the thickness direction of the weld by sequentially switching the group of 
transducer elements between the transmission unit and the reception unit and the refraction 
angle between ultrasonic wave transmission and ultrasonic wave reception. 
High sensitivity detection is possible because the mirror reflection wave is higher than the 

back mirror reflection wave. Use of the point focused beam also has the effect of enhancing 
the signal. Therefore, it is possible to detect scattered micro oxides in the weld seam by 
combining the tandem method and point focused beam.  
In addition, a beam control technique considering curvature of the pipe and mode 

conversion, an acoustic lens and a local immersion technique for an array probe having a 
large aperture were developed. The size of the transducer element and the number of 
transducer elements used simultaneously are designed to obtain the optimum beam size. 
 

 
Fig. 3 Point focused tandem method using phased array technique. 

Figure 4 shows examples of the A-scopes of the point focused tandem method using the 
phased array technique. Figure 4(a) shows the waveform from a through-drilled hole 
(diameter: 1.6mm), which is commonly used for calibration in ultrasonic testing. Figure 4(b) 
is an example of a waveform observed in base metal parts with the increased sensitivity of 
20dB. Figure 4(a) and (b) show that the noise level is sufficiently low. The S/N ratio was 
more than 38dB.  
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(a) Echo from φ1.6mm through-hole (b) Noise level (gain=+20dB) 

Fig. 4 Examples of A-scope 
 
 Figure 5 shows the results of a comparison of the echo amplitudes obtained by the point 
focused tandem method using phased array UT and low temperature toughness. In the 
comparisons shown in Figure 5, the HFW pipes were manufactured under different welding 
conditions. The sensitivity of the point focused tandem technique was adjusted by using the 
above-mentioned standard 1.6mm through-hole. The echo amplitude here was 80% + 20dB. 
After the ultrasonic inspection by the developed technique, the Charpy absorbed energy of 
the specimens was obtained as low temperature toughness. When absorbed energy is low, 
there are many C-scope indications, and conversely, low temperature toughness tends to be 
higher when the echo amplitude decreases. 
 

 
Fig. 5 Results of comparison between echo amplitude obtained by point focused tandem method using phased 

array UT and low temperature toughness (Charpy impact test) of pipes. 

3. Development of on-line inspection system 

 In the on-line system, the point focused tandem technique using phased array UT was 
adopted in order to efficiently inspect a large amount of product. The composition of the on-
line inspection system is shown as Figure 6. The on-line inspection system comprises the 
weld seam tracking system, the weld seam cooling zone and the ultrasonic inspection 
equipment. Generally, the weld seam was checked by conventional ultrasonic inspection 
after welding and cutting the bead. The probe in the point focused tandem technique using 
phased array UT is installed on the manipulator which is used in the conventional ultrasonic 
inspection.  
 The local immersion method is used for acoustic coupling between the pipe and the phased 
array probe. Therefore, the temperature of the weld seam must be less than 100°. If the weld 
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seam is hotter than 100°, water will boil, generating bubbles that will cause local immersion 
of the sensor head of the array probe. Therefore, the seam cooling zone is installed 
immediately before the manipulator, and the surface of the weld seam is cooled to <100°. 
The manipulator moves in the circumferential direction in order to track the absolute weld 
seam position, which is calculated based on the temperature distribution obtained from 
thermal images. Tracking accuracy is about ±1.25mm. 
 

 
Fig. 6 Composition of on-line inspection system. 

 
 Figure 7 shows an example of a C-scope of the entire length of a weld seam by the new on-
line inspection system. The C-scope is obtained along the entire length of the weld seam in 
real time. Figure 8 shows an example of detection of oxides generated due to the welding 
conditions. In this experiment, the welding conditions were changed during the production 
of HFW pipe, and the weld seam was inspected by the on-line inspection system. As a result, 
the oxides generated depending on the welding conditions were detected by the on-line 
inspection system. The part where there are no indications in the ultrasonic inspection has 
good toughness, whereas the part where there are indications has low toughness. 
 
 

 
Fig. 7 Example of C-scope of entire length of weld seam. 
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Fig. 8 Example of detection of oxides generated depending on welding conditions (welding heat input). 

 

4. Conclusion 

A new ultrasonic inspection system which has high sensitivity for micro oxides in the weld 
seam of HFW pipes was developed. Many factors influence low temperature toughness, 
including scattered micro oxides. It was found that the density of scattered micro oxides, or 
“penetrators,” affects low temperature toughness, and it is possible to detect the density of 
these penetrators by employing an optimized ultrasonic beam. In this work, an on-line 
inspection system which utilizes the point focused tandem technique using phased array UT 
was developed in order to efficiently inspect a large amount of product.  
The developed ultrasonic phased array inspection system has been applied commercially, 

and is being used to evaluate the density of scattered micro oxides at the 24” HFW mill at 
East Japan Works and the 26” HFW mill at Chita Works of JFE Steel Corporation. 
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