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Abstract
The shielding technique for high frequency-electric resistance welding, HF-ERW, is 

considered a key factor in the formation of a sound weld. Compared to the cold gas shield-
ing technique, high temperature gas shielding, due to its higher kinetic viscosity coefficient, 
should make it easier to sustain a higher laminar flow, thus leading to low air entrainment 
in the shielding gas. In addition, plasma is in a much higher temperature state > 5 000 K, 
and the dissociated gases can react with the entrained oxygen; plasma jets should, there-
fore, enhance the overall shielding effects. We have developed a plasma torch that can gen-
erate a long and wide laminar argon-nitrogen-(hydrogen) jet, and then confirmed its shield-
ing effect through pipe forming tests of carbon steel, a yield strength grade of X65, as well 
as high-Cr steels containing easily oxidized elements. Preliminary attempts at applying this 
novel shielding technique have, as expected, demonstrated extremely low numbers of weld 
defects and a good low temperature toughness of the HF-ERW seam.

1.	 Introduction
Electric resistance welded (ERW) steel pipes are used in a wide 

variety of industrial fields such as energy and automobiles; their ad-
vantages as an industrial material include economical price, good 
roundness, and excellent shape properties such as uniform wall 
thickness, and as a result, they have high crushing resistance, ex-
pandability, and good girth weldability. The conventional weld seam 
produced by HF-ERW, on the other hand, often has a relatively low 
toughness due to the forming oxide defects in the weld seam during 
welding. In view of the problem, we have studied the welding 
mechanisms, and on the basis of the findings, developed techniques 
for monitoring and controlling welding heat input 1–5), making it pos-
sible to produce ERW pipes with sound seams. Regarding ERW 
pipes of stainless steel containing easily oxidized elements such as 
Cr, Si, etc. in large amounts, gas shielding of the seam welding is 
essential.

Box type shields are often used to minimize the oxidation at the 
ERW joint; they, however, have disadvantages such as that shield 
boxes of different sizes have to be used for different pipe diameters, 
and that scale accumulating in the box may get into the joint to form 

defects. As a solution, some reports propose the blowing of inert gas 
at room temperature as a shielding medium not requiring boxes 6, 7). 
In this case, the blown gas tends to be turbulent, draws in the atmos
phere, and as a result, the oxygen potential in the shield gas flow is 
not always low. Compared to the cold gas shielding technique, high 
temperature gas shielding, due to its higher kinetic viscosity coeffi-
cient, should make it easier to sustain a higher laminar flow, thus 
leading to low air entrainment in the shielding gas 8–10).

2.	 Plasma as Shielding Medium
As a shielding medium, plasma has advantages such as: (1) it 

easily forms a laminar flow and negligibly entrains the atmosphere; 
(2) even when the atmosphere is drawn in, atoms in the plasma react 
with oxygen to lower the oxygen concentration; and (3) oxides are 
melted and water causing oxidation is removed by the high tempera-
ture. These advantages are explained below in detail.

According to the kinetic theory of gas molecules, the dynamic 
coefficient of viscosity μ is expressed as follows:

	 μ = (  T—T0
 ) 

3–2
 
T0 + S—
T + S  μ0 .			   (1)
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Then, using the viscosity parameters of Ar, N2 and H2 given in Table 
1, 11) their dynamic viscosity figures at different temperatures are cal-
culated as shown in Fig. 1; with an increase in temperature, the vis-
cosity increases.

The Reynolds’ number Re, an indicator of the degree of turbu-
lence of a flow field, is expressed as

	 Re = 
ρVD—μ ,				    (2)

Where ρ is the gas density, V is the flow velocity, and D is the char-
acteristic length. The higher the gas temperature, which means higher 
viscosity, the smaller the Reynolds’ number that will be achieved. 
This means that it is easier with gas at high temperature to obtain a 
laminar flow because of the higher dynamic coefficient of viscosity 
than at room temperature. Since a plasma jet more than 5 000 K is 
expected to form a laminar flow easily 12), it is more suitable as a 
shielding medium than a turbulent gas, which easily draws in the 
surrounding atmosphere.

In addition, when multi-atom molecules are used for the plasma, 
dissociated or ionized atoms (X) and positive ions (equation (3)) re-
act with drawn-in oxygen (see equation (4)), and as a result, the ox-
ygen concentration inside the shielded zone is expected to be very 
low:

	 X2 → 2X ,					    (3)
	 2X + O2 → 2XO .				    (4)
Another advantage of high-temperature gas such as thermal 

plasma is that high-melting point oxides and water vapor, causing 
oxidation, on the joint surfaces are possibly melted, vaporized and 
dissipated. Since such oxides on the joint surfaces and scales and 
spatters entering the joint cannot be shut out by the shielding, it is 
necessary to render them harmless by upsetting, that is, by melting 
and squeezing them out of the joint together with molten steel. As-
suming that the oxides are spherical, the time ts it takes to completely 
melt an oxide particle is expressed as follows:

	 ts = 
ρs rC—Mα log 

T − Tin—T − Tmp
 +

ρs rq—Mα (T − Tmp) .		 (5)

Here, ρs is the specific density, r is the diameter, C is the heat capac-
ity, M is the molecular mass, q is the latent heat of fusion, Tin is the 

initial temperature, and Tmp is the melting point of the particle in 
question, T is the gas temperature, and α is the thermal conductivity 
of the plasma. In equation (5), the second term on the right side is 
smaller than the first.

For example, a particle of Al2O3, 50 μm in diameter, is completely 
melted when heated in an Ar plasma at 4 000 K for 6 ms. By using 
an Ar-N2-(H2) plasma, having a higher thermal conductivity than 
that of Ar, larger particles can be melted within the same time period.

In consideration of the above, we embarked on the development 
of a new shielding method for ERW using an inert plasma jet of Ar-
N2-(H2) at high temperature.

3.	 Problems of Conventional Plasma Torches
When a plasma jet of the transfer type like that for tungsten inert 

gas (TIG) welding is used for the shielding of ERW joints, the plas-
ma may become unstable because the steel material, which acts as 
an electrode, travels at tens of meters per minute. As for non-transfer 
type torches, on the other hand, DC (Direct Current) torches, which 
are often used for thermal spraying, etc., are available in the market. 
In this case, because plasma is formed by applying a voltage be-
tween the anode and cathode, the travel of the pipe at high speed 
does not adversely affect the stability of the plasma. The conven-
tional plasma jet of this type of torch, however, is turbulent, and it is 
difficult to obtain a high-temperature portion of the jet extending 
longer than five to seven times the nozzle inner diameter (ID, usually 
as small as 10 mm or less) 13), which means that the maximum plas-
ma length obtainable is 100 mm or less. Due to this short plasma, 
the torch will interfere with the equipment around the welding point 
of the pipe mill.

When the torch diameter is large, the plasma jet tends to be un-
stable. To solve this problem and stabilize the plasma jet, it is effec-
tive to use an axially tangential gas flow, so as to rotate anode spots 
on the anode surface. However, increasing the flow amount of the 
tangential gas means greater turbulence disturbing the desired lami-
nar flow, and is inadequate for the purpose of shielding. In this rela-
tion, a method has been developed whereby a solenoid is provided 
around the circumference of the anode, and the rotation of anode 
spots is controlled by the electromagnetic force. In this case, how-
ever, the torch structure will be complicated and its size too large to 
fit into the congested space near the seam welding position.

In addition, the conventional turbulent plasma jets generate huge 
noise, using H2 gas as the working gas, the noise, especially, some-
times exceeds 120 dB, and is therefore inadequate for application to 
production plants.

As stated above, developing a new type of torch capable of 
forming a plasma jet comparatively large in diameter, tolerable in 
noise emission and entraining the atmosphere only in a small 
amount was essential for obtaining the intended shielding effect and 
commercial production of ERW pipe taking advantage of the effect.

4.	 Development of Laminar-flow Plasma Torch and 
Its Characteristics
Figure 2 schematically shows the structure of the developed 

laminar-flow plasma torch. It is characterized by the cascade com-
posed of the inter-electrode inserts (IEIs), insulated from each other; 
it electrically insulates the anode from the cathode, and keeps them 
away from each other by about 100 mm 14–16). Plasma torches avail-
able in the market lack this cascade portion, and the anode-cathode 
distance is less than 10 mm.

Kolmogorov’s law states that the turbulent motion of a gas flow 

Table 1   Power low viscosity parameter for gases 11)

T0 (K) μ0 (Ns/m2) n S
Ar 273 2.13E-05 0.72 144
N2 273 1.66E-05 0.67 107
H2 273 8.41E-05 0.68 97

Fig. 1   Estimated gaseous viscosity
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decreases as a result of the dissipation of vortex energy, and the 
plasma jet flow changes to laminar along its flow. Accordingly, it is 
possible with the developed plasma torch to decrease the turbulence 
of the jet as it flows towards the anode, and form a laminar flow at the 
exit nozzle. In fact, the visible plasma length increases as the anode-
cathode distance increases (see Fig. 3), which corroborates the said 
law.

In addition, it has been found that, in obtaining a laminar flow 
with a plasma torch, there are many influencing factors related to 
the torch structure. For example, the torch diameter profile from the 
cathode to the anode and the spread angle of the cathode significantly 
affect the plasma flow mode. Figure 4 is an example study map 
showing the relationship between the IEI profile and a plasma jet in 
a laminar flow. The cascade is composed of a plurality of IEIs of the 
same length (L) and different ID (see Fig. 2), and when the number 
of IEIs of the same ID part number increases, the torch inner space 
of the same diameter grows longer. In Fig. 4, by using this length to 
be referred to as the uniform length, L, and the step, ∆r, as the dif-

ference ID between adjacent IEIs, “the high temperature portion” 
(here, determined as “visible plasma length”) is evaluated in relation 
to the ratio of step, Δr/L. It is clear from the figure that, in order to 
obtain a plasma length of 500 mm or longer, for example, it is nec-
essary to set the Δr/L at roughly 1/5 or less. The possible primary 
reason for the result is that the re-torch of the jet within each step 
surface of the IEI sustains the plasma stability.

Furthermore, the component mixing ratio of the plasma gas was 
found to affect the flow mode. In fact, it was easier to obtain a lami-
nar flow using N2 as the main gas than Ar, because of the lower den-
sity of N2, as is understood from equation (2).

Figure 5 compares the plasma jet of the developed torch with 
that of a commercially available torch; the torch used here was 
2086A made by Praxair. Discharge conditions from various plasma 
torches are similar, but not exactly identical. These photographs are 
useful for identifying visible plasma length, the white portion, in the 
plasma jet. The visible plasma length of the commercial torch is at 
least 100 mm, since the plasma is turbulent and rapidly cooled by 
the entrained air. In contrast, the developed torch proved capable of 
forming a plasma jet having a visible plasma length, about 20 mm 
in diameter, is over 500 mm. It has to be noted that the shielding of 
the ERW seam, which will be presented later herein, does not utilize 
the turbulent tail portion of the jet more than 500 mm from the noz-
zle exit but its core portion 100 to 300 mm from it.

In addition, in the case of the laminar plasma, the irradiation dis-
tance must be set longer; therefore, the plasma torch set position 
around the welding point of the pipe mill must be moderated in the 
case of the turbulence.

Assuming an asymmetric 2D model for the plasma jet geometry 
and a plasma gas with 10% H2 in addition to the above, the radial 
distribution of oxygen partial pressure in turbulent and laminar-flow 
plasma jets was calculated by combining the Fluent standard κ-ε 
model and combustion theories; here, regarding the reactions of the 
plasma components, only molecular dissociation and oxidation were 
taken into consideration, also, int case of laminar plasma flow, by 
selecting minimum κ and ε values, the turbulence was overestimated. 
The calculation of the oxygen partial pressure at the center of the jet 
at 150 mm from the exit of the torch result is given in Fig. 6. This 
figure illustrates that the choice of the plasma torch significantly in-
fluences the oxygen content field. When the flow is turbulent, it is 
roughly a half that in the atmosphere; in contrast, when the flow is 
laminar, it may enhance by four to five orders of magnitude.

Figure 7 shows the measurement result of the temperature dis-
tribution in the axial direction of a plasma jet in a laminar flow ob-
tained through optimum combination of the anode-cathode distance, 
gas composition, IEI profile, etc.; the line pair method using the lu-
minescence intensity ratio of Hα and Hβ was employed for the 
measurement. There is a long high-temperature portion at approxi-
mately 5 000 K extending to roughly 200 mm from the torch exit in 
a temperature gradient as shallow as 20 K/mm, approximately.

Fig. 2   Cutaway views of cascade torch

Fig. 3   Effect of distance between electrodes on visible the plasma length

Fig. 4   Effect of IEI profile on the plasma length (Ar-N2) Fig. 5   Comparison of plasma jets
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As for the effect of the anode-cathode distance over the voltage, 
another property item of a plasma torch, the two were found to be 
proportionate to each other as shown in Fig. 8; the plasma resistance 
was roughly 0.8 V/mm with pure Ar, and 1.4 V/mm with 18N2 + 3Ar. 
The resistance with pure Ar was slightly lower than that in common 
TIG welding; this is presumably because the gas density was low. In 
either of the cases, the total voltage drop of the two electrodes was 
constant at roughly 40 V.

It has to be noted in relation to the above that, from Fig. 3, when 

the plasma working gas is Ar-N2-H2, the plasma becomes shorter 
because of the plasma pinching force due to the high energy re-
quired for turning H2 into plasma, and that, from Figs. 3 and 8, to 
obtain a visible plasma length of Ar-N2 roughly 500 mm in length, a 
voltage nearly as high as 200 V is required, and to stabilize the plasma, 
a power source unit having high no-load resistance is necessary.

5.	 Effects of Plasma Shielding
5.1	Test method

The effect of plasma shielding to reduce ERW defects was eval-
uated in laboratories using a torch made by us and a commercially 
available one (2086A made by Praxair). Figure 9 shows the outlines 
of the test equipment. Two steel plates of JIS SUS304, 6 mm in 
thickness, simulating the plate edges to weld, were placed in contact 
with power-supply shoes and transferred at a prescribed speed, heated 
by a high frequency power supply, and welded by ERW under up-
setting and the plasma shielding at the welding zone. As illustrated, 
the plasma jet was irradiated from the torch provided between the 
contact shoes to the area around the welding point. In Fig. 8, V0 is 
the welding point, and Vp is the target point for the plasma irradia-
tion.

The width (Aw) and length (Al) of the area along the welded 
seam covered by the plasma jet are expressed using the diameter 
(Dp) of the jet as follows:

	 Aw ≥ Dp ;					     (6)
	 Al ≥ Dp / sin θ ,   (θ ≈ 10 – 30) .			  (7)

Here, θ is the angle of the plasma irradiation. The welding speed 
was assumed to be constant at 30 m/min, and oxidation of the welded 
joint to be caused by the atmosphere and the water supplied through 
tubes, 4 mm in inner diameter, at a rate of 0.8 l/min each. The test 
parameters were the input power for the ERW, the use or otherwise 
of the shield, the target point of the shielding jet irradiation (or, the 
distance between V0 and Vp), the degree of laminar flow of the plasma 
jet (controlled by changing the gas composition and the flow 
amount), etc. The welded joints thus obtained were evaluated in 
terms of defect area ratio (the area of penetrators and cold defects 
/ total joint area) at fracture observation after the Charpy test at 
160°C. The reason for the Charpy test temperature of 160°C is that 
the failures other than those caused by oxides exhibit ductile frac-
ture surfaces at this temperature, and the defective area can be dis-
tinguished easily.

Fig. 6	 Calculated radial distribution of oxygen partial pressure in tur-
bulent and laminar plasma jets (10% hydrogen content, 16 mm 
nozzle inner-diameter, at 150 mm from nozzle)

Fig. 7	 Axial temperature profile of Ar-N2-H2 plasma of cascade torch (18 
mm nozzle inner-diameter, ID)

Fig. 8   Effect of electrodes distance on the voltage between electrodes
Fig. 9	 Experimental setup highlighting the plasma shielding HF-ERW 

process
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5.2	Test results and discussion
In the first place, Fig. 10 shows the relationship between the in-

put power for ERW and the defect area ratio of the joint obtained 
with shielding by the commercially available torch, 8 mm in anode 
ID. The figure shows that, in the case of the conventional HF-ERW 
without plasma shield, the defect area ratio was around 0.3% under 
the most adequate input power condition. A lower power condition 
results in the cold defects owing to insufficient heating. For larger 
power, excessive molten metal was observed to be the cause of pen-
etrators. 

On the other hand, when the ERW was performed under an ade-
quate input power condition and shielding with an adequate irradia-
tion point, the defect area ratio was as low as 0.01% or less. This 
value is considered to be lower than the oxide inclusion ratio in the 
base metal. However, by shifting the plasma irradiation point to be 
10 mm (Best-10 in the graph), this enhancement could not be ob-
served. A possible explanation of this outcome is that, during weld-
ing, the effective ID was as small as 8 mm, and the shield area was 
out of its coverage. Taking these results into consideration, we have 
developed a plasma torch of a larger anode ID and evaluated its ef-
fect of enhancing the robustness of the shielding effect.

Figure 11 shows the shielding effect of the plasma jet of the de-
veloped torch in a laminar flow and 18 mm in ID. As expected, an 
increase in the plasma diameter drastically increased the irradiation 
point tolerance, and the effect was substantially unchanged even 
when the irradiation point of the developed torch shifted by 10 mm 

or more. 
A shielding effect of hydrogen gaseous addition as plasma work-

ing gas on the weld defect area ratio is shown in Fig. 12. Under the 
most adequate power input condition, the defect area ratio decreased 
with the plasma shielding using either Ar-N2 gas or Ar-N2-H2 gas. 
Although the hydrogen gas is not always necessary, the shielding 
enhancement of the Ar-N2-H2 plasma system is often superior to that 
of the Ar-N2 system. It has to be noted here that, with both of the 
two gas systems, the defect area ratio increased for an ERW input 
power. This is presumably because the welding point (V0) shifted to 
outside the shielded area as the power input changed. To further im-
prove the robustness of the shielding effect, therefore, it is necessary 
to control the target point (VP) of the plasma jet so as to follow the 
move of V0.
5.3	Verification test on commercial ERW line

A preliminary attempt at applying this novel shielding technique 
to pipe line production was conducted at the Nagoya 16 inch mill. A 
high strength line pipe with a yield strength of X65 grade was em-
ployed in this study. Figure 13 (a) (b) illustrates the effects of the 
shield with a laminar plasma jet of Ar-N2 gas as evaluated in terms 
of the defect area ratio.

Under normal ERW conditions, the weld defect area ratio is 
minimized at an adequate input power range where the defect area 
ratio of the joint is below 0.05% (equal to the base metal); however, 
this range is as narrow as 10% or less of the total input power con-
trol range. It was clear, on the other hand, that by the laminar plasma 
shield, the width of the adequate input power range was almost dou-
bled.

It is also expected that the defect area ratio and cross sectional 
microstructure will directly affect the toughness of the welds and as 
such, the absorbed energy value is determined from Charpy impact 
testing. In a comparison of the absorbed energy of the weld seam, in 
Fig. 13 (b), via the Charpy test with a thickness of 7.5 mm is con-
verted to the full size value, which is multiplied 10/7.5 to the meas
ure value. On the assumption that the absorbed energy is propor-
tional to the thickness, at a fixed ERW input power, demonstrating 
that it is possible to improve ductile-brittle transition temperature, 
vTrs, by approximately 20°C, owing to the decrease of defects.

Furthermore, another plasma shielding enhancement for steel 
containing easily oxidized Cr by 13%, using a plasma gas with H2, 
has proved effective at decreasing the defect area ratio by one order 
of magnitude or more (see Fig. 14). In consideration of the fact that, 
in the laboratory tests on SUS304 and 13Cr steels described earli-

Fig. 10	 Shielding effect of Ar-H2 turbulent plasma with commercial 
torch on the weld defect reduction (8 mm ID, material SUS304)

Fig. 11	 Shielding effect of Ar-N2-H2 laminar plasma with developed 
torch on the weld defect reduction (18 mm ID, material SUS304)

Fig. 12	 Defect reduction effect of hydrogen addition to plasma shield-
ing gas (18 mm ID, material SUS304)
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er 17), Ar-N2 gas produced better results than the above test on X65, 
weld defects can be decreased even further by optimizing the aim-
ing of the plasma irradiation point.
5.4	Development of plasma aiming control

As stated above, penetrators are greatly decreased and the 
Charpy impact properties improved by the plasma shield when the 
plasma jet is adequately targeted to cover the welding point. In order 
to fully enjoy this effect, however, it was necessary to align the axle 
of the plasma jet to the seam welding line. We focused attention on 
the already-developed heat input control and welding monitoring 
technique, and utilized them for that purpose. 5) By the welding 
monitoring technique, using a color CCD camera, however, the 
Planck radiation from the heated steel and the light emission of the 
plasma were determined to be at the same intensity level, and be-
cause of their mutual interference, it was impossible to measure 
their relative position by image processing.

To solve the problem, wavelength separation of the Planck radia-
tion and the plasma light was proposed. The wavelength compo-
nents up to 1 μm and those exceeding 1 μm were separated from 
each other based on the Planck radiation at different temperatures 
given in Fig. 15 (a) and the bright line spectra of the plasma gas 
components, namely Ar, N2 and H2 (from the NIST data base). 
Based on this, a photographing system was developed, whereby 
near infrared components and specific blue components of the lights 
were separately captured by using two high-sensitivity CMOS cam-
eras with special optical filters. Thanks to this method, images of the 
Planck radiation from the steel plates to the weld and the plasma jet 
were obtained independently from each other, and after working out 
the algorithms for image processing of the two, it became possible 
to separately detect the plasma jet centerline and the welding line 
(see Fig. 16). On this basis, a mechanism has been developed for 
controlling the mounting robot arm for the plasma torch so that the 
plasma axle is automatically aligned to the welding line.

6.	 Conclusion
A cascade type plasma torch capable of forming an Ar-N2 jet 

having a visible plasma length of more than 500 mm and a diameter 
of about 20 mm has been developed. The plasma jet in a laminar 
flow from the developed torch has been used for shielding the weld-
ing point of ERW pipes of JIS SUS304, and proved effective at de-
creasing the defect area ratio of the welded seam by an order of 
magnitude or more. When this shielding technique was applied to 
the production of API X65 class pipes, the defect area ratio and vTrs 
were markedly improved. These results point to the possibility of 
producing ERW pipes of higher reliability than was conventionally 

Fig. 13	 Enhancement of plasma shielding on commercial ERW line 
(material API-X65)

Fig. 14	 Enhancement of plasma shielding on commercial ERW line 
(material 13Cr steel)

Fig. 15   Planck radiation and spectra of Ar, N2 and H2
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possible.
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