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ABSTRACT. Numerous earlier studies
have investigated the mechanism of spat-
ter production, and the waveform para-
meters affecting spatter production, be-
cause more procedures are necessary to
remove spatter. These studies explain the
spatter mechanism qualitatively, but do
not clarify it quantitatively. Also, they do
not illustrate how waveform parameters
influence spatter production. 

In this study, the integral of specific
current action is introduced to quantita-
tively explain the mechanism of spatter
production. Based on the previous studies,
this study proposes a model that suggests
there is a constant value of the integral of
a specific current action to determine the
moment of spatter production. By com-
paring the spatter calculations with the
welding experiments, this model was vali-
dated. Simulations were carried out to in-
vestigate the influence of the waveform
parameters on spatter production. This
quantitatively explains the role of the
waveform parameters, such as peak cur-
rent and arc time, in spatter production. 

Introduction

Gas metal arc welding (GMAW) has
been widely used in many industries be-
cause of its high productivity, but it has
several disadvantages such as spatter pro-
duction. It is necessary to reduce spatter
production because more procedures are
necessary to remove the spatter after
welding. For this purpose, numerous stud-
ies have been carried out to investigate the
mechanism of spatter production and the
role of waveform parameters in this 
production.

Chen, Sun, and Fan summarized the
mechanism of the spatter production in
four main points as follows (Ref. 1):

1) Electric explosion. Under the pinch
force produced by the peak current, the
short circuit bridge shrinks in cross section

and the current density increases further;
consequently, the bridge overheats and
evaporates, resulting in an explosion.

2) Gas explosion. The oxygen and car-
bon in the melted metal react with each
other in high-temperature zones, which
results in explosion of CO gas.

3) Gas impact. The air is heated and ex-
panded by an abrupt arc reinitiation after
a short circuit breakage. The melted metal
in the weld pool and remaining droplets
are blown off by the impact.

4) Momentary short circuit. At the
breakage of the very thin short circuit
bridge, a small quantity of spatter may be
produced. These viewpoints illustrate the
mechanism qualitatively, but not 
quantitatively. 

There have been numerous studies in-
vestigating the waveform parameters in
spatter production. Several regression
models have been proposed to estimate
arc stability by extracting the waveform
parameters from the signal of the welding
current and arc voltage (Ref. 2). A statis-
tical model has been developed to quanti-
tatively predict the process stability by ap-
plying the relationship between spatter
production and waveform parameters in
GMAW with a multiple regression analy-
sis (Ref. 3). Also, a study to estimate spat-
ter production was carried out by using an
artificial neural network (Ref. 4). In these
studies, the parameters had a relationship
with the spatter production by using an
index or neural network. However, these
studies do not explain how these specified
parameters quantitatively influenced
spatter production. 

The peak current was found to be dom-
inant in spatter production (Ref. 5); thus,
various methods were investigated to con-
trol the peak current before the short cir-
cuit breakage occurred. Several studies
were completed using GMAW (Refs.
6–8), while others were completed using
pulsed arc welding (Refs. 9, 10). But these
papers do not clarify the role of the peak
current, which quantitatively affects spat-
ter production. 

There are a few works in which the
electric explosion of wires was investi-
gated as the property of materials. These
works show that the electrical explosion of
wires is related to the current density in
the order of 107–108A/cm2 (Refs. 11–14).
The integral of a specific current action
was introduced to explain the electrical ex-
plosion of wire. It was defined using the
following equation:

where tb, I, and A denote the time of burst,
current, and sectional area, respectively.
In these works, the explosion experiments
were carried out for a wire with a diame-
ter of several µm during the time of sev-
eral µs. When the wire diameter and short
circuit time were compared with those of
the current study, they were extremely
small.

Bennett and Kahl’s study showed that
the energy introduced into the wire by the
moment of explosion is constant for a
given metal (Ref. 13). Anderson and Neil-
son’s work has shown that the integral of a
specific current action is constant for a
given metal, such as copper, nickel, or iron
(Ref. 14). The order of the value of h is
about 107 A2s/cm4, while the wire diame-
ter and time are similar to those of this
study. 

The main objective of this study is to ex-
plain spatter production from the view-
point of the integral of a specific current
action. Based on previous studies, the
model suggested in this study proposes

h
I

A
dt

tb
= ∫

2

2
(1) 

0

A Mechanism of Spatter Production 
from the Viewpoint of the Integral of

Specific Current Action
A model is proposed to quantitatively explain the mechanism of 

spatter production and the role of waveform parameters 

BY S. K. KANG AND S. J. NA

KEYWORDS

Spatter Production
Waveform Parameters
Peak Current
Short Circuit Mode
Arc Time
Short Circuit Time
Droplet Length
Pinch Radius
Specific Current Action

S. K. KANG is a graduate student and S. J. NA
(sjna@kaist.ac.kr) is a professor of the Dept. of
Mechanical Engineering, Korea Advanced Insti-
tute of Science and Technology, Daejeon, Repub-
lic of Korea.

Kang-Corrected  11/9/05  5:47 PM  Page 188



WELDING RESEARCH

-s189WELDING JOURNAL

that there is a constant value of h to deter-
mine the moment of a short circuit break-
age. To verify this, the related parameters
were extracted, and, from the model, spat-
ter production was calculated and com-
pared with the welding experiments.

By using the proposed model, simula-
tions have been carried out to investigate
the influence of the droplet volume, arc
current, and short circuit current on spat-
ter production. This quantitatively ex-
plains the role of the waveform parame-
ters, such as the peak current and arc time,
in spatter production.

Model Description

Based on previous papers, this model is
proposed to quantitatively explain spatter
production. It has been stated that there is
a constant value of h to determine the mo-

ment of spatter production. To verify this,
two steps are necessary — the first is to
find the constant value of h, and the sec-
ond is to compare the calculated spatter
production with the welding experiments
to verify the model. 

To find the constant value of h, the pro-
cedure and assumption are as follows.
From previous GMAW experiments, the
majority of the spatter production was
found to occur in droplets from the elec-
tric explosion and momentary short cir-
cuit (Ref. 15). Therefore, it is assumed
that spatter production is related to the
value of h across the droplet length, but
not with that across the molten pool. Be-
cause the short circuit mode is composed
of two phases, the arc time and the short
circuit time, the values of h need to be cal-
culated separately. For the arc time, the
arc current was used as the simulation

current, and the value of h was calculated
across the droplet and then averaged. For
the short circuit time, the peak current
was assumed to be the short circuit cur-
rent and used as the simulation current,
because the peak current is dominant in
spatter production. The value of h was
calculated in two ways — one way was to
calculate and average the value of h
across the total droplet length, and the
other was to calculate and average the
value of h at the pinch radius. After cal-
culating the values of h for the arc time
and the short circuit time, the values were
summed to find the constant value of h.

For the spatter calculations, some suit-
able parameters should be extracted first.
Because spatter is directly related to the
volume of the short circuit bridge, the pa-
rameters affecting this must be considered
in the spatter calculations. The fact that

A

A

B

B

Fig. 1 — Waveforms of welding current and arc voltage in the short circuit
mode.

Fig. 2 — Boundary conditions for the simulations in the VOF program.

Arc time Short ciruit time

Fig. 3 — Integral of specific current action at the arc time for the conditions in Table 3.

Condition 3 and 4
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wire disintegration is related to wire di-
ameter and length was verified experi-
mentally by Nasilowski (Ref. 19). There-
fore, it is reasonable to assume that the
pinch radius and droplet length at the
short circuit breakage affect the spatter
generation. Nasilowski’s work also
showed that the total volume of wire dis-
integration was influenced by the fre-
quency of droplet. Due to this, the high
frequency of the short circuit mode would
yield much spatter during a given time.
Thus, the pinch radius, the droplet length,
and the frequency of the short circuit
mode were chosen as the parameters to af-
fect spatter production. 

The pinch radius is calculated at the
moment of the constant value of h, and is
defined as Rtotal when the value of h is cal-
culated across the total droplet length, but
is defined as Rpinch when the value of h is
calculated at the pinch radius.

The droplet volume plays an important
role in determining the droplet length.
The droplet is assumed to touch the
molten pool with a contact diameter of 1.2

mm (the wire diameter) at the beginning
of the short circuit time, which is needed
to maintain the simulation stability (Ref.
18). At that time, the ratio of the droplet
length to the diameter is assumed to be ap-
proximately 1.5, in accordance with pic-
tures from previous welding experiments
(Ref. 16). The droplet length was calcu-
lated from these assumptions, and the fre-
quency was calculated by the arc time and
the short circuit time of the welding ex-
periments. In the latter section of this
study, the frequency was calculated by the
results of the simulations. 

With these calculated parameters, four
methods for calculating spatter produc-
tion are proposed, as shown in Equation 2,

where K1, K2, K3, K4, f, and L indicate the
coefficients, the frequency of the short 
circuit mode, and the droplet length, 
respectively.

In order to calculate the parameters,
the motion of the droplet volume should

be simulated. It is governed by the conti-
nuity equation and the momentum 
equation,

where ρ, v, and F denote the mass density,
the kinematic viscosity, and the body
force, respectively. The body force in-
cludes the electromagnetic force as well as
gravity. These equations were solved using
the volume of fluid (VOF) method, be-
cause this technique has advantages of nu-
merical stability and efficiency in algo-
rithms. The detailed mathematical
descriptions of Equations 3, 4, and VOF
are given elsewhere (Ref. 17).

The droplet volume, the arc current,
and the short circuit current were used as
the conditions for the simulations. The
droplet volume was calculated by means
of dividing the wire feed rate by the fre-
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Table 1 — Welding Variables

Shielding gas CO2 20% + Ar 80%
with a flow rate of 

20 L/min

Welding wire 1.2-mm-diameter
YGW 15

Welding speed 6 mm/s

CTWD (Contact tube 15 mm
to work distance)

Base metal 6-mm-thick ASTM
A36M

Table 2 — Material Properties of Steel

Mass density 7860 (kg/m3)

Kinematic viscosity 2.8 × 10–7 (m2/s)

Surface tension coefficient 1.8 (N/m)

Electrical conductivity 8.54 × 105 (mho/m)

Permeability 4π × 10–7 (H/m)

Table 3 — Welding Conditions for the
Examination of the H-value in Previous
Papers

Condition Wire feed Voltage
number rate

1 60 mm/s 14.2 V

2 60 mm/s 17.0 V

3 91 mm/s 14.2 V

4 91 mm/s 17.2 V

Fig. 4 — Integral of specific current action at the short circuit time for Condition 1 in Table 3.

BA

Kang-Corrected  11/9/05  5:47 PM  Page 190



WELDING RESEARCH

DECEMBER 2005-s192

ulations were carried out for a steel elec-
trode with a 1.2-mm diameter. The mate-
rial properties used for the calculations
are listed in Table 2.

Results and Discussions

The Constant Value of the Integral of
Specific Current Action

In order to check whether the value of h
from previous papers can be used as a con-
stant value in this study, the welding condi-
tions with typical waveforms of the short
circuit mode and different spatter produc-
tions were chosen, as listed in Table 3.

Conditions 1 and 2 had an arc current
of 175 A, while conditions 3 and 4 had 223
A. With these currents, the values of h at
the arc time were calculated and are dis-
played in Figure 3. The value of h is pro-
portional to time, which is apparent from
Equation 1, as shown in Fig. 3. When Fig.
3A is compared with Fig. 3B, the value of

h at 223 A is larger than
that of 175 A at the same
amount of time, because
the current density at
223 A is higher than that
of 175 A.

Conditions 1–4 have
273 A, 320 A, 299 A, and
345 A as their peak cur-
rents, respectively. The
values of h at the short
circuit time were calcu-
lated for all conditions,
and the two values of h in
condition 1 are pre-
sented in Fig. 4. This
shows that, due to the
small pinch radius, the
two values of h 
increased drastically as
the short circuit time 
increased.

The summation of the
values of h for the arc

time and the short circuit time for the con-
ditions in Table 3 are compared with the
value of h with the order of 107 A2s/cm4

from the previous papers. The value of h
in this study was found to have the order
of 106 A2s/cm4, which shows that the value
of h from previous papers is not applica-
ble in this study. Based on the calculated
results of conditions 1 to 4, the value 5 ×
106 A2s/cm4 was chosen for the constant
value of h, because it was the smallest
value of conditions 1 to 4. 

Bukarov and Ermakov found that the
radius at the short circuit breakage was be-
tween approximately 0.2 and 0.4 mm (Ref.
16). From trial simulations, it was revealed
that condition 1 made the smallest pinch
radius, while condition 4 made the largest.
Consequently, it was assumed that the 0.2-
mm radius was formed in condition 1 and
the 0.4-mm radius was formed in condi-
tion 4. Based on these assumptions, the
values of h were calculated and are pre-
sented in Table 4. The values are around

106 A2s/cm4, which validates that 5 × 106

A2s/cm4 is acceptable for the constant
value of h.

Table 4 — Integral of Specific Current Action
for its Verification

At pinch Across total
radius droplet length

Condition 1 3.59 × 106 2.89 × 106

A2s/cm4 A2s/cm4

Condition 4 4.47 × 106 4.19 × 106

A2s/cm4 A2s/cm4

Table 5 — Pinch Radius Calculated by Using
the H-value, 5 × 106 A2s/cm4

Condition Rtotal Rpinch
number (mm) (mm)

1 0.119 0.131

2 0.164 0.197

3 0.136 0.185

4 0.207 0.299

Fig. 6 — Shape of droplet and molten pool at the short circuit beginning.

A B C

Fig. 7 — Comparison of the spatter calculations with the welding experi-
ments for the conditions in Table 3.

Table 6 — Droplet Length Calculated for the
Conditions in Table 3

Condition Droplet Droplet
number volume length

(mm3) (mm)

1 1.4 1.1

2 2.0 1.2

3 1.4 1.1

4 3.0 1.5
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quency of the short circuit mode. The arc
current and the short circuit current were
measured in the welding experiments. 

Welding Experiments

This study focused on spatter produc-
tion in the short circuit mode. Therefore,
the welding experiments were carried out
in the conditions of the short circuit mode.
They were conducted four times for one
condition using four different welding
machines. The welding current and volt-
age were used as set variables, and the
welding current was measured with a Hall-
effect  sensor attached to the ground
cable, while the arc voltage was measured
from the output terminals of the welding
power source. The measured signals were
put into a computer through an A/D con-
verter with a sampling rate of 10 kHz. The
typical waveforms and parameters are
shown in Fig. 1. A collecting box was made
from brass and used to prevent the spatter
production from spreading out. The spat-
ter in the collecting box was subsequently
gathered and screened using a sieve. Cer-
tain characteristics of the spatter, such as
the type of size, were not considered. The
spatter production was weighed with an
electric scale. Other welding variables are
listed in Table 1.

Simulation Technique

The boundary conditions at the arc
time and the short circuit time were im-
posed as shown in Fig. 2. At the arc time,
the initial droplet shape was assumed to be
a hemisphere to ensure numerical stabil-
ity, and the free slip condition was en-
forced along the z axis. At the short circuit
time, the initial droplet was assumed to be
spherical and to touch the molten pool
with a contact diameter of 1.2 mm, in order
to ensure numerical stability. The free slip
condition was established along the z axis,
as well as on the boundary surface of the
molten pool. At the arc time, the current
density was assumed to be uniform on the
surface of the droplet, while it was as-
sumed to be uniform on the boundary sur-
face of the molten pool at the short circuit
time. Detailed descriptions of the proce-
dure to obtain the current density are
given elsewhere (Refs. 17, 18).

A square cell of 0.1 mm, which has been
used in previous works and resulted in ac-
ceptable simulations, was used for the
simulations in this study (Ref. 17). At the
arc time, the dimension of solution domain
was 3 and 10 mm in the r and z directions,
respectively, while it was 4 mm in both di-
rections for the droplet volume at < 2
mm3, and 4 and 5 mm in the r and z direc-
tions, respectively, for the droplet volume
≥ 2 mm3 at the short circuit time. The sim- Fig. 5 — Shape of the droplet and molten pool at the integral of specific current action, 5 × 106 A2s/cm4.
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Spatter Calculation

For the conditions in Table 3, the pinch
radius, the droplet length, and the fre-
quency of the short circuit mode are cal-
culated and presented in Tables 5 and 6. 

The h-value of Rpinch was calculated at
the pinch radius, the smallest radius, while
the h-value of Rtotal was calculated across
the total droplet length, where the radius
is larger than that of the pinch radius.
Consequently, the h-value of Rpinch
reaches the constant value, 5 × 106

A2s/cm4, earlier than that of Rtotal; Rpinch
also becomes larger than Rtotal due to the
decreased time. This fact can also be
found in Fig. 4. Related to the pinch ra-
dius, the shapes of the droplet and molten
pool calculated at the moment of 5 × 106

A2s/cm4 are shown in Fig. 5.
The droplet length increases as the

droplet volume increases, as shown in Fig.
6. The droplet length for the droplet vol-

ume of 3 mm3 is 1.5 mm, which is larger
than the length of 1.1 mm calculated for
droplet volume of 1.4 mm3.

A large arc voltage has enough time to
shape a larger droplet volume due to the
long arc, when compared to a small volt-
age at the same wire feed rate (Refs. 17,
20). The droplet volume multiplied with
the frequency is constant due to the same
wire feed rate, which causes the frequency
to decrease as the droplet volume in-
creases. This explains that the frequency
of the short circuit mode decreases from
48.8 to 32.3 Hz at a wire feed rate of 60
mm/s, and from 70.9 to 34.5 Hz at a wire
feed rate of 91 mm/s when the arc voltage
increases, as shown in Table 7.

In order to calibrate K1, K2, K3, and K4
from Equation 2, condition 4 in Table 3
was used. Then, the spatter production
was calculated for the remaining condi-
tions in Table 3 and presented in Fig. 7. It
can be seen that S1, S2, S3, and S4 followed

the trends of the welding experiments ap-
propriately. The spatter production from
condition 4 was more than that of condi-
tion 1, as shown in Fig. 7. Condition 4 had
a larger pinch radius and droplet length,
while condition 1 had a higher frequency.
This shows that spatter production is af-
fected by various parameters.

A B

C D

Fig. 8 — Comparison of the spatter calculations with the welding experiments for four different welding machines.

Table 7 — Frequency of Short Circuit Mode
Calculated for the Conditions in Table 3

Condition number Frequency (Hz)

1 48.8

2 32.3

3 70.9

4 34.5

Welding Machine A

Welding Machine C Welding Machine D

Welding Machine B
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To generalize Equation 2, the spatter
calculations were conducted with four dif-

ferent welding machines for the welding
conditions listed in Table 8; following the

previous procedure, the spatter produc-
tion is calculated and presented in Fig. 8.

For the performance analysis of S1, S2,
S3, and S4, the correlation coefficients
were calculated and are listed in Table 9.
The values of S2, S3, and S4 are all ap-
proximately 0.8, while that of S1 is nearly
0.7. This shows that the four methods are
acceptable. The values of S2 and S4, calcu-
lated with Rpinch, are higher than those of
S1 and S3, calculated with Rtotal. The value
of S4, calculated with the droplet length, is
higher than that of S2, calculated without
the droplet length. This is most likely due
to the fact that spatter production occurs
at the weakest location, such as the pinch
radius, and the droplet length influences
the volume of the short circuit bridge.

The modeling of spatter formation is

Fig. 9 — Spatter calculations vs. short circuit current for the four conditions
of arc current and droplet volume.

Fig. 11 — Calculated frequency of short circuit mode vs. short circuit cur-
rent for the four conditions of arc current and droplet volume.

Fig. 12 — Calculated pinch radius vs. short circuit current for the four con-
ditions of arc current and droplet volume.

Fig. 10 — Calculated droplet length vs. short circuit current for two droplet
volumes.

Table 8 — Welding Conditions of the Four Different Welding Machines

A B C D

1 60 mm/s, 65.4 mm/s, 51.6 mm/s, 19.2 mm/s,
19.8 V 17.5 V 20.8 V 17.2 V

2 91 mm/s, 91.8 mm/s, 82.8 mm/s, 28.8 mm/s,
15.8 V 17.0 V 20.1 V 17.8 V

3 91 mm/s, 127.2 mm/s, 111.6 mm/s, 28.8 mm/s,
17.9 V 16.7 V 21.0 V 18.9 V

4 127.2 mm/s, 111.6 mm/s, 47.4 mm/s,
18.9 V 23.2 V 19.2 V
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difficult work since spatter generation is
related with complicated physical phe-
nomena, which are not known clearly. Par-
ticularly at the moment of the short circuit
breakage, the influence of pinch radius,
arc length, and frequency on spatter is dif-
ficult to test. It causes errors of S1, S2, S3,
and S4 between simulations and experi-
ments. This may be an area for future im-
provement.

Influence of Parameters on Spatter
Production

From previous studies, the peak cur-
rent and arc time are found to have a
strong correlation with spatter production
(Refs. 2–5), but they do not illustrate how
these parameters affect spatter produc-
tion. In the previous section, the parame-

ters change concur-
rently, which makes it
difficult to investigate
their influence sepa-
rately. For this analy-
sis, two conditions of
arc current, two condi-
tions of droplet vol-
ume, and three condi-
tions of short circuit
current were chosen,
as shown in Table 10.

The procedure of
the simulations fol-
lows that outlined in
the previous section,
and the results are
shown in Figs. 9–12.
The spatter produc-
tion was calculated by
way of S4, because it
had the highest corre-
lation coefficient.

S4 increased from
0.17 to 0.63 g/min when the droplet vol-
ume and arc current were fixed at 4 mm3

and 200 A, respectively, and the short cir-
cuit current increased from 200 to 400 A,
as shown in Fig. 9. The droplet volume de-
termines the droplet length and, conse-
quently, the droplet length does not
change in this case. A large short circuit
current reaches the constant h-value of 5
× 106 A2s/cm4 earlier than the small one
due to the large current density. This de-
creases the short circuit time and the pinch
radius increases, as shown in Fig. 12. The
short circuit time is relatively small when
compared with the arc time dominant to
determine the frequency. Therefore, the
change of frequency is tiny, although the
short circuit time is enormous. Conse-
quently, the increase in spatter production
is due to the increased pinch radius. This

explains the role of the peak current in
spatter production because it is similar to
that of the short circuit current.

Figure 9 shows that the S4, calculated for
the droplet volume of 4 mm3 (case 1), was
approximately 0.26 g/min larger than the S4,
calculated for the droplet volume of 2 mm3

(case 2), when the arc current and short cir-
cuit current were kept at 200 and 400 A, re-
spectively. The droplet length in case 1 be-
came larger than that of case 2 due to the
larger droplet volume, as shown in Fig. 10.
The short circuit frequency became propor-
tional to the reciprocal of the droplet vol-
ume, which resulted in 24.4 Hz for case 1
and 48.1 Hz for case 2. This means that the
time to shape the droplet in case 1 is twice

Fig. 13 — Time history of calculated pinch radius for two droplet volumes. Fig. 14 — Variation of pinch radius as the short circuit current changes.

Fig. 15 — Variation of spatter generation as the short circuit current
changes.

Table 9 — Correlation Coefficients for the
Four Ways to Calculate the Spatter
Production

Correlation
coefficient

S1 0.722

S2 0.780

S3 0.757

S4 0.809

Table 10 — Simulation Conditions for the
Investigation of the Influence of Droplet
Volume, Arc Current, and Short Circuit
Current on Spatter Production

Droplet volume 2 mm3, 4 mm3

Arc current 100 A, 200 A

Short circuit current 200 A, 300 A, 400 A
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as long as that of case 2 during this arc time.
This yields a higher h-value at the arc time
and a larger pinch radius in case 1, which re-
mains large for a long time, before the value
of h reaches 5 × 106 A2s/cm4, as seen in Fig.
13. Figure 12 shows that the pinch radius in
case 1 is 0.323 mm and larger than the 0.215
mm of case 2. Consequently, the increased
droplet length and pinch radius of case 1 re-
sulted in a larger spatter production than
that of case 2, although the frequency was
smaller. This result explains the role of arc
time in spatter production, because arc time
is proportional to droplet volume.

It is observed that the S4 calculated for
the arc current of 200 A (case 3) is about
0.43 g/min larger than the S4 calculated for
the arc current of 100 A (case 4), when the
droplet volume and the short circuit cur-
rent are kept at 4 mm3 and 400 A, respec-
tively, as shown in Fig. 9. These two cases
have the same droplet length due to the
same droplet volume, while the wire feed
rate in case 3 is approximately twice that
of case 4. This results in 24.4 Hz for case
3, which is nearly twice that of the 10.7 Hz
for case 4, as shown in Fig. 11. The arc time
to form the droplet in case 4 becomes
roughly twice as long as that of case 3, be-
cause the wire feed rate of case 3 was
about double that of case 4. Using Equa-
tion 1 results in the h-value of case 3 being
twice as high as that of case 4, which causes
the time required to reach the constant h-
value of 5 × 106 A2s/cm4 to be larger in case
4 than in case 3 during the short circuit
time. The pinch radius was calculated to
be 0.27 mm in case 4, while case 3 was 0.32
mm. The increase in spatter production in
case 3 is certainly due to the increased fre-
quency and pinch radius. This may explain
the effect of the wire feed rate on spatter
production, because the arc current is pro-
portional to the wire feed rate.

It is useful to investigate how spatter
production changes with the pinch radius
at the short circuit breakage as the short
circuit current increases. For this analysis,
the short circuit current was made to
change from 50 to 500 A, while the arc cur-
rent and droplet volume in the previous
section were used. The calculated pinch
radius is shown in Fig. 14. The pinch ra-
dius of the droplet volume of 4 mm3 in-
creases more linearly than that of 2 mm3.
The top side of the droplet volume in sim-
ulations is fixed with 1.2 mm because it is
in contact with the solid part of the elec-
trode as shown in Fig. 5. It influences the
variation of free surface profiles of droplet
and weld pool. Its effect becomes large if
the droplet length is short. The droplet
length of 2 mm3 is 1.2 mm, which is shorter
than that of 4 mm3. Due to this, the non-
linear change of the pinch radius at the
condition of 2 mm3 is thought to occur.

With the data of Fig. 14, spatter pro-
duction was calculated and is shown in Fig.

15. S4 is the quadratic equation of Rpinch
as shown in Equation 2. S4 at the condition
of the arc current of 200 A and the droplet
volume of 4 mm3 shows the characteristic
of quadratic increase clearly. The pinch
radius rises linearly in proportion to the
short circuit current as shown in Fig. 14. It
causes spatter generation to be on the
quadratic increase as the short circuit cur-
rent grows. At the other conditions, except
that of the arc current of 200 A and the
droplet volume of 4 mm3, the pinch radius
is not on the linear increase as the short
circuit current changes. Therefore, qua-
dratic change is not shown clearly.

Conclusions

The integral of the specific current ac-
tion is introduced to quantitatively explain
the mechanism of spatter production.
Based on previous studies, it was proposed
that there is a constant value for the inte-
gral of a specific current action to deter-
mine the moment of the short circuit
breakage. A constant value of 5 × 106

A2s/cm4 was found to be appropriate,
using simulations, and used to calculate
the pinch radius. The frequency of the
short circuit mode and the droplet length
were calculated from the welding experi-
ments and simulations. By using these pa-
rameters, four ways of calculating spatter
production were proposed. The correla-
tion coefficients of the proposed four ways
show that they are all acceptable. 

The influence of droplet volume, arc
current, and short circuit current on spatter
production was investigated quantitatively.
The droplet volume changed the frequency,
the droplet length, and the pinch radius,
which explained the role of the arc time in
spatter production. The short circuit cur-
rent varies the current density, which deter-
mines the pinch radius, and consequently
affects spatter production. This illustrates
the role of the peak current in spatter pro-
duction and provides a basis for the control
of spatter production by changing the peak
current during the short circuit time. The
arc current influences the frequency and
current density, which causes a change in
spatter production, too.

The pinch radius at the short circuit
breakage in the condition of large droplet
volume is on the linear increase, resulting
in the quadratic increase of spatter pro-
duction, as the short circuit current rises.
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