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ABSTRACT. In this study, welding phe- 
nomena involved in penetrator formation 
during high-frequency electric resistance 
welding were investigated. High-speed 
cinematography of the phenomena re- 
vealed that molten metal bridges, which 
formed between neighboring strip edges 
near the apex point, travel along a narrow 
gap toward the welding point at a speed 
much faster than that of the strip. Fre- 
quency of formation, travel distance, and 
speed of the bridge were affected mainly 
by the heat input power into the strip. 
Among the variables of the bridge travel- 
ing behavior, standard deviation of the 
travel distance appeared to have a strong 
relationship with defect density in weld- 
ments. Based on observation, a new mech- 
anism of the penetrator formation during 
HF ERW process was proposed. 

Introduction 

The high-frequency electric resistance 
welding (HF ERW) process has been used 
extensively in manufacturing straight- 
seamed steel pipes. In this process, a strip 
is gradually formed into a circular tube 
shape through roll-forming stands, and its 
edges are supplied with high-frequency 
currents either by sliding contacts or by an 
inductor coil, as schematically illustrated 
in Fig. IA. The high-frequency currents 
flow only through a thin surface layer of 
strip edge due to the skin and proximity ef- 
fects (Ref. 1) and generate joule heat for 
forge welding at the upsetting roll stand. 
The penetration depth of 450 kHz cur- 
rents in a steel heated to 800°C is, for ex- 
ample, approximately 0.8 mm (Ref. 2). 
This characteristic makes the process ex- 
tremely energy efficient and its welding 
speed can be as high as 300 m/min. In ad- 
dition, the weldment is relatively free of 
weld defects, especially the defects associ- 
ated with weld solidification since molten 
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metal mixed with oxides and impurities is 
squeezed out of the faying interface at the 
upsetting stage. Steel pipes produced via 
the HF ERW process, therefore,  have 
been extensively used in critical applica- 
tions requiring stringent weld qualities, 
such as line pipe and oil well casings. 

There are, however, two major types of 
weld defects associated with the HF ERW 
process: the cold weld defect and the pen- 
etrator defect (Refs. 3, 4). The cold weld, 
an oxide inclusion in a form of continuous 
thin film at the weldment, has been ob- 
served when the heat input power into the 
strip is not large enough for adequate  
melting of the strip edges. The heat input 
power required for adequate melting is a 
function of various processing parameters 
that include strip thickness, strip speed, V 
angle, V length, and alignment of the strip 
edges. When only a very thin surface layer 
of the edge is melted with an insufficient 
heat input power, oxides on the surfaces 
may not be squeezed out along with the 
molten metal at the upsetting stage, lead- 
ing to the cold weld defect. The oxides may 
be formed either during heating of the 
edges or during storage of the strip. On the 
other hand, the penetrator defect was re- 
ported to occur when heat input power is 
excessively large. The penetrator is a pan- 
cake-type morphology oxide inclusion 
that consists of Fe, Mn, and Si oxides (Ref. 
5). The penetrator can be in a range of a 
few millimeters to a centimeter in size and 
critically affects the mechanical properties 
of pipes. 

Several studies have been conducted to 
investigate the mechanism of penetrator 
formation. In their classical studies, Haga 
et al. (Refs. 6, 7) claimed that the pene- 
trator is caused by backfilled molten metal 
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mixed with the oxides into a narrow gap. 
The narrow, parallel gap between neigh- 
boring strip edges has been noted near the 
welding point during HF ERW (schemat- 
ically shown in Fig. IA). The narrow gap 
formation was attributed to the driving out 
of molten metal from strip edges by elec- 
tromagnetic pinch force at the same rate 
as the approaching speed of the strip 
edges during welding. The approaching 
speed is determined by the strip speed and 
V angle (Ref. 6). In their studies, the nar- 
row gap was reported to become unstable 
at high heat input powers, causing a short 
circuit at the apex point. When the short 
circuit occurs, the electromagnetic pinch 
force vanishes at the gap, and molten 
metal with the oxides refills the gap by cap- 
illary action. This backfilled metal mixed 
with the oxides was thought to cause the 
penetrator. 

Penetrators, however, were observed 
even at heat input powers that are consid- 
ered as a nominal welding condition (Ref. 
8). In addition, several researchers have 
indicated that flashing or arcing occurs at 
the apex point during HF ERW (Ref. 9). 
At the instant of flashing, the electromag- 
netic pinch force that drives out the 
molten metal from the narrow gap should 
decrease dramatically since a significant 
fraction of current should be diverted 
through the flash. In this study, therefore, 
the phenomenon of penetrator formation 
was investigated in more detail by incor- 
porating the effect of the flashing at the 
apex point. The HF ERW phenomena 
were investigated using a high-speed video 
camera and high-speed cinematography. 

Experimental Procedures 

High-frequency electric resistance 
welding was conducted using an 8-in. pipe 
mill (SeAh Steel Co. Ltd., Pohang, Korea) 
and an ERW simulator (POSCO, Pohang, 
Korea). Most of the experiments were 
conducted using the pipe mill equipped 
with a contact-type HF welding machine. 
An impeder with a water-cooled ferrite 
core was used to enhance efficiency of the 
welding machine. Welding speed tested 
was 18 m/rain and strip thickness was 9.5 
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Fig. 1 - -  Schematic illustration o f  high-frequency electric resistance welding process: A - - p i p e  mill; B - -  E R W  simulator. 

Fig. 2 - -  Typical melting behavior of  strip edges during HF ER W: A - -  without polarization 
filter; B - -  with polarization filter. 
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Fig. 3 - -  Narrow gap length as a function 
o f  heat input power. Welding speed was 18 
m/min and strip thickness was 9.5 mm. 

mm. Chemical composition of the strip 
was Fe-0.174C-0.109Si-0.837Mn-0.017P- 
0.007S-0.029Cu-0.03Ni-0.032Cr-0.019AI 
in wt-%. Heat input power was changed 
from 201 to 237 kW. The frequency of the 
current was 400 kHz. The welding phe- 
nomena were observed using a high-speed 
camera (Photonic Systems, Inc., Wayne, 
N.J.) and a high-speed video camera 
(NAC Inc., Tokyo). The framing rate was 
varied from 1000 to 10,000 pictures per 
second (pps) with the high-speed camera 
and from 1000 to 2000 pps with the video 

camera. In order to enhance the observa- 
tion of the flashing at the apex point, neu- 
tral density, red color, and polarization fil- 
ters were attached to the camera lenses. 
The ERW simulator was used to investi- 
gate the welding phenomena observed 
with the pipe mill in more detail, and its 
setup is shown schematically in Fig. lB. 
The simulator does not have the forming 
section of pipe mills and joins two strips 
with a contact-type HF electric resistance 
welding machine. 

In order to measure the area fraction 
of weld defects, the top surface of the sam- 
ple was machined by one-fourth of the 
strip thickness followed by micropolish- 
ing. The length of each sample was 5 cm, 
and the total length of sample examined 
was 60 cm for each welding condition. The 
weld defect sizes and number were mea- 
sured using optical microscopy combined 
with an image analyzer. More detai led 
analyses for the weld interface mi- 
crostructure were made by scanning elec- 
tron microscope (SEM) (Hitachi, Japan) 
with energy dispersive spectroscopy 
(EDS) (Kevex, U.S.). 

Results and Discussion 

Flashing and Bridge Formation 

Figure 2 shows a high-speed cinemato- 

graphic image of strip edges observed with 
and without a polarization filter during 
the HF ERW process. The edges melted 
well ahead of the welding point and the 
molten metal was driven out from the sur- 
face of the strip edges. Near the welding 
point, the narrow gap was developed as in- 
dicated by Haga et al. (Refs. 3, 4). The 
length of the gap was measured from im- 
ages of the high-speed cinematography as 
a function of heat input power - -  Fig. 3. 
The narrow gap length increased linearly 
from 12 to 40 mm as the heat input power 
was changed from 201 to 237 kW. 

When the melting behavior of the 
edges was observed with a polarization fil- 
ter (Fig. 2B), flashes (which appear  as 
white spots in the figure) that were not 
percept ible  without the filter were ob- 
served to occur consistently throughout 
the whole range of heat input power in- 
vestigated in this study. The frequency of 
flashing was in a range 0.1 to 5 kHz and 
varied depending on the heat input power. 
At low heat input powers, the frequency 
was relatively high and decreased with the 
heat input power. 

One of the interesting phenomena to 
note from the flashing is the formation of 
a molten metal bridge between the edges. 
Just after the flashing, a molten metal 
bridge between the strip edges was formed 
and started to travel along the narrow gap. 
Figure 4 shows sequential images of the 
flashing and bridge movement during the 
HF ERW process. The images were filmed 
at a rate of 1000 pps using the high-speed 
video system. As shown in the figure, after 
the flashing near the apex point (one 
frame later, i.e., after 1 ms (Fig. 4B), a 
bridge between the two edges of the strip 
was formed. The bridge was observed to 
always travel toward the welding point. As 
the bridge traveled along the narrow gap, 
molten metal on the strip edge was swept 
to the welding point. Again, the sweeping 
action of the bridge along the narrow gap 
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occurred throughout the whole range of 
the heat input power investigated in this 
study, but differed in its frequency and dis- 
tance depending on the rate. 

The travel speed of the bridges was es- 
timated by measuring the elapsed time to 
travel the narrow gap as a function of heat 
input power (Fig. 5). As the heat input 
power was increased from 201 to 237 kW, 
its speed increased from 160 to 375 
m/min, peaking at an intermediate heat 
input power. The speed of the bridges is 
an order  of magnitude faster than the 
traveling speed of the strip. Since the 
bridges travel at such high speeds, violent 
ripples of molten beads resulted when 
they reached the welding point. These ob- 
servations indicate that not only the re- 
pulsive electromagnetic force but also the 
sweeping action of the bridge drive the 
molten metal out and away from the nar- 
row gap, providing an oxide-free surface 
for forge welding. Figure 6 shows the dis- 
tance of the sweeping motion of the 
bridges as a function of heat input power. 
The distance was approximately 8.6 mm 
when the heat input power was 201 kW. 
As the heat input power was increased to 
237 kW, the distance was increased mo- 
notonically to 26.5 mm. 

Mechanism of Flashing and Bridge 
Movement during HF ERW 

The flashing near the apex point and 
traveling of molten metal bridges along 
the narrow gap noted in this study are ex- 
pected to have a significant influence on 
defect formation during the HF ERW 
process. The flashing occurred mainly in 
two different forms: one with a strong 
flash followed by expulsion of a molten 
metal bridge, and the other with a soft 
flash followed by the formation and move- 
ment of the bridge. The former flashing 
occurred infrequently and was observed 
mostly when protrusions on the strip 
edges, such as metal particles, short- 
circuit the edges. This type of flashing was 
irregular in frequency and was not af- 
fected by the welding conditions. The lat- 
ter was observed to occur prior  to the 
short circuit between the edges, and its 
frequency was affected by the welding 
conditions. 

Flashing or discharging between two 
freestanding electrodes, i.e., between two 
strip edges in this case, could occur via 
Paschen discharge phenomenon, of which 
breakdown voltage, V/; is given by Equa- 
tion 1 (Ref. 10). 

p d  

V / =  B. k + l o g p d  (1) 

where p is the pressure of the discharging 

Fig. 4 - -  Sequential  images o f  f lashing and  bridge m o v e m e n t  during H F  E R W :  A - -  0 ms; 
B - -  l ms; C - -  2 ms; D - -  3 ms; E - -  4 ms; F - -  5 ms; G - -  8 ms; H - - 1 2  ms. 

atmosphere,  d is the distance between 
electrodes,  and B and k are constants. 
Plotting of Equation 1 as a function o f p d  
results in a skewed U-shaped curve. The 
minimum breakdown voltage of a system 
is affected by the frequency of current and 
ionization potential of the gas in the at- 
mosphere (Ref. 11). High-frequency cur- 
rent and gaseous elements with lower ion- 
ization potential ,  such as metal atoms, 
decrease the breakdown voltage. For ex- 
ample, the discharge occurs at approxi- 
mately 130 V when the electrode gap is 60 
/am under Ne-Xe gas atmosphere with 50- 
kHz current (Ref. 12). In the HF ERW 
process, the breakdown voltage might be 
decreased further as the atmosphere con- 
tains species, such as Fe vapor, that have 
lower ionization potential, causing metal- 
lic arc discharge. The flashing observed in 

this study, therefore, seems to be caused 
by the Paschen discharge between the two 
freestanding strip edges in the narrow gap, 
where the electric field is the largest. The 
voltage applied between the strips during 
the HF ERW process was between 70 and 
120 V. 

Upon the flashing between strip edges, 
a significant fraction of welding current 
might be diverted through the discharge 
column, decreasing the electromagnetic 
pinch force on the liquid metal on the strip 
edges. Under this condition, molten metal 
on the narrow gap may fluctuate due to 
the sudden change of the pinch pressure 
and that should increase the possibility of 
bridge formation.  In addition, uneven 
pressure distribution near the discharge 
column might have also promoted the for- 
mation of the bridge. 
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Fig. 5 - -  Sweeping speed o f  bridge as a 
function o f  heat input power. 

Fig. 6 - -  Sweeping distance o f  bridges as a 
function o f  heat input power. 

Fig. 7 - -  Schematic illustration o f  magnetic 
flux density distribution around a bridge. 
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Fig. 8 - -  Sweeping length and standard de- 
viation o f  bridge traveling along narrow gap 
measured as a function o f  heat input power. 

Once the bridge was formed after the 
flashing, it always traveled toward the 
welding point at an order of magnitude 
faster than the strip, suggesting the pres- 
ence of an external driving force for the 
movement.  If a significant fraction of 
welding current is diverted to the bridge, 
the magnetic fluxes due to the currents 
flowing in strip edges and in the bridge 
have the same direction in the left-hand 
side of the bridge, but they are opposite in 
the narrow gap, as illustrated in Fig. 7. 
Since the electromagnetic pinch force on 
the bridge is given by the vector product of 
current density in the bridge and magnetic 
flux, the pinch force on the left-hand side 
of the bridge should be greater than that 
on the right-hand side of the bridge. This 
unbalanced pinch force seems to provide 
the driving force for the bridge movement 
toward the welding point. A numerical 
analysis of the electromagnetic  field 
around the bridge in a further study is war- 
ranted, to justify the driving force for the 
bridge movement at the observed speed. 

Relationship between Bridge Movement 
and Weld Defect in HF ERW 

Since the bridge sweeps the molten 

Fig. 9 - -  Stoppage of  bridge movement and refilling of  molten metal into narrow gap by mul- 
tiple flashing. A - -  0 ms; B - -  2 ms; C - -  5 ms; D - -  9 ms; E - -  12 ms; F - -  15 ms. 

metal containing oxides out of the narrow 
gap and faying interface, incomplete 
sweepings should lead to inclusions of 
oxide particles in the weldment. Figure 8 
shows the standard deviation of the trav- 
eling distance along with the bridge travel 
distance. At low heat input powers, the 
deviation value was small; i.e., once the 
bridge is formed, it sweeps through the en- 
tire length of the narrow gap to the weld- 
ing point. As the heat input power was in- 
creased, the deviation increased. In other 
words, a significant fraction of the bridges 
are stopped somewhere along the narrow 
gap and do not reach the welding point. 
This stoppage of the bridge movement 

was observed to be induced by the multi- 
ple bridges traveling along the narrow gap 
- -  Fig. 9. While the bridge formed from 
the first flashing traveled along the gap 
(Fig. 9B-D), a new bridge was formed by 
the second flashing (Fig. 9D) and started 
to travel (Fig. 9E). The formation of the 
second bridge should homogenize the 
electromagnetic  field around the first 
bridge and result in the reduction in trav- 
eling speed, eventually stopping the 
bridge movement.  The reduced travel 
speed of the bridge at higher heat input 
powers in Fig. 3 was observed to be related 
to the multiple bridges formed in the nar- 
row gap. When the bridge was stopped on 
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Fig. 10 - -  SEM micrographs of  penetrator: A - - f o r m e d  at weldment; B - -  its microstruc- 
ture at higher magnification. 

the way to the welding point, the narrow 
gap between the bridge and the welding 
point was backfilled with the molten metal 
driven out from the narrow gap - -  Fig. 9E 
The backfilling occurred very rapidly, in 
less than 2-5 ms. 

Figure 10 shows a SEM micrograph of 
the penetrator formed at the weldment. 
The thickness of the defect was approxi- 
mately 10 pm. Observation of the mi- 
crostructure at a higher magnification in- 
dicated that the defect consisted of 
dendrites, typically observed in solidified 
materials. This result also provides exper- 
imental evidence that the penetrator is 
formed from backfilled molten metal. 

Figure 11 shows a relationship between 
heat input power and fraction of oxide in- 
clusions in welds. When compared with 
Fig. 8, the lowest defect density was noted 
when the standard deviation of the bridge 
movement was at a minimum. These re- 
sults indicate that the weld defect density 
in welds of the HF ERW process is 
strongly affected by the regularity of the 
sweeping action of the bridge. The back- 
filling of the molten metal into the narrow 
gap caused by the irregular sweeping ac- 
tion seems to be the main reason for the 
formation of the penetrator defect in 
welds of the HF ERW process. 

Conclusions 

Welding phenomena during the HF 
ERW process were investigated using 
high-speed photographic techniques. The 
results indicated that flashing between 
strip edges occurs near the apex point at a 
frequency ranging from 0.1 to 5 kHz in 
every welding condition investigated. The 
flashing resulted in formation of a molten 

metal bridge, which always traveled to- 
ward the welding point at a speed ranging 
from 160 to 375 m/min. The movement, 
which may be caused by asymmetric dis- 
tribution of the electromagnetic field 
around the bridge, swept molten metal 
mixed with oxides from the narrow gap. 

When the bridge swept completely 
across the whole length of the narrow gap, 
the weld contained fewer weld defects. At 
higher welding heat input powers, sweep- 
ing action of the bridge became irregular 
and led to backfilling of molten metal into 
the narrow gap. At these conditions, the 
density of the weld defect, especially the 
oxide inclusion, increased. The refilling of 
the molten metal into the narrow gap 
caused by the irregular sweeping action 
seems to be the main reason for the for- 
mation of the penetrator defect in HF 
ERW welds. 
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