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adopted in extra-low temperature environments, subsea 
pipelines, and other sever applications.
This paper presents an outline of the HFW technol-

ogy, a nondestructive evaluation technology, and a qual-
ity assessment technology for HFW steel pipes, which 
are element technologies for the developed pipe.

2. Development of HFW Technology

2.1 Visualization Technology  
for HFW Phenomena

HFW steel pipes are manufactured by roll forming. 
Hot-rolled steel sheets are roll-formed into a circular 
shape by forming rolls, subsequently, the both edge 
faces of a hot-rolled sheet are heated up to the melting 
point by high-frequency electric resistance, then pres-
surized and bonded (Fig. 1) .
First, in order to visualize the welding phenomena 

and clarify the heating and welding behavior of HFW, 
HFW pipes were manufactured by laboratory pipe weld-
ing equipment with high-frequency induction heating 
sistem, and the welding phenomena were observed. 
Photo 1 shows an image which was captured from 
immediately above by a high speed camera. The conver-

gence point (V) is approximately 42 mm upstream from 
the center of the squeeze rolls, and the edge faces are 
completely melted. At the downstream of the welding 
point (W), excess molten steel rose and piled up on the 
weld seam due to pressurization by the squeeze rolls and 
ñmolten steel poolò was generated. The molten steel 
solidified about 15 mm upstream from the center of the 
squeeze rolls.
Visualization of HFW phenomena clarified the fact 

that melt welding is performed and the molten steel 
solidifies while pressurizing process. Based on this 
knowledge, an HFW numerical analysis model was 
developed concerning the heating behavior before the V 
point, and the phenomenon of molten steel movement 
under pressurization after the W point.

2.2 Numerical Analysis Technique  
for HFW Phenomena

Using a numerical analysis technique, a numerical 
analysis model of the HFW weld seam was developed, 
and the behavior of HFW was clarified. HFW process 
can be broadly divided into high-frequency induction 
resistance welding and high-frequency contact resistance 
welding
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ing point into a large number of two-dimensional mod-
els. Initially, a two-dimensional model of a cross section 
of the electrode is produced, and electromagnetic and 
heat conduction finite element analysis (FEAs) are exe-
cuted. Second, an additional two-dimensional model is 
produced and similar electromagnetic and heat conduc-
tive FEAs are executed. The temperature distribution at 
each position just before the welding point is calculated 
by repeating this process. At the welding point, elastic 
plastic FEA starts. The mesh of both pipes is transferred 
horizontally while keeping the temperature distribution 
at the welding point, and the deformation behavior of 
the welding portion is analyzed.
In the analysis, an elastic plastic structural analysis 

method by the transient response analysis was used. An 
HFW simulation system combining electromagnetic, 
heat conductive, and elastic plastic FEA methods was 
developed, and the deformation behavior of the HFW 
seam was clarified. The relative permeability, specific 
heat, electric resistance, enthalpy, thermal conductivity, 
stress, and the Youngôs modulus of the pipe are used as a 
function of temperature.
The effects of the forming conditions and welding 

conditions on HFW phenomena were investigated by 
using this analysis method. As examples, Figs. 7 and 8 
show the effect of welding speed on the equivalent plas-
tic strain distribution contour maps and stress distribu-
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3.4 Systemization for Online Application and 
Example of Full-Length Evaluation

As an equipment configuration for continuous scan-
ning of HFW steel pipes in the production process, a 
precise seam tracking technology was developed to 
enable the probes to track the weld seam position, which 
varies in the circumferential direction during pipe pro-
duction. The weld seam position is measured based on 
the temperature distribution by the seam tracking system 
using thermal images, and the seam tracking system 
aligns the position of the array probes to track the seam, 
thereby achieving stable online detection. Figure 14 
shows an example of detection when the mechanical 
properties of the weld zone were degraded intentionally 
by decreasing the welding heat input to lower than the 
optimum value. The results demonstrate that the exis-
tence of distributed microscopic oxides can be detected 
with high reliability.
As described above, it has become possible to detect 

and display the distribution of oxides in real time by 
complete detection through the thickness and in the lon-
gitudinal direction by a nondestructive inspection tech-
nology, realizing entire-length quality assurance of the 
weld seam.

low temperature toughness must be detected. Therefore, 
samples sliced from the weld seam were investigated by 
using a high sensitivity ultrasonic C-scan test with a 
focused probe. The results revealed that microscopic 
oxides with a size of several μm exist in a scattered dis-
tribution in the HFW seam, and areas with a high inclu-
sion density influence low temperature toughness.
Furthermore, absorbed energy in the Charpy impact 

test was compared with various high sensitivity C scan 
evaluation ranges. Figure 12 shows the correlation 
between the ultrasonic echo levels and absorbed energy 
with various ultrasonic evaluation ranges. Absorbed 
energy in the Charpy impact test could be evaluated by 
the ultrasonic echo amplitude with the optimized highest 
sensitivity focused beam size, which was about 1 mm2. 
In other words, the distribution of the microscopic oxide 
inclusions that affect low temperature toughness was 
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ficial defect in the HFW seam. The results showed 
that the fracture pressure of the developed pipe is 
sufficiently higher than the value predicted by the 
Battelle prediction formula.
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