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ABSTRACT

Purpose: This paper assesses the gap bridgeability of pulse GMAW joints of DP 780 for automobile body.
Design/methodology/approach: Wire melting was analyzed using a high-speed camera. The impact of 
EN ratio on the shape of the bead section was examined after analyzing the macrosection of welding which was 
obtained on a bead-on-plate-welding experiment. Welding conditions that are robust to the gap were suggested 
through an analysis on tensile strength, macrosection of the weld and fracture appearance of tensile strength testing 
at the lap joint welding of DP 780.
Findings: A relation among the welding current (welding process parameter of AC pulse GMAW), EN ratio, 
welding speed and bead shape parameters which include bead width, bead height and penetration were computed.
Research limitations/implications: The suitable welding conditions proposed in this paper can change 
because of types of welding joints thickness of base metal and other reasons.
Practical implications: In this study, the suitable welding conditions were presented for securing a good weld 
quality of DP 780 for the automobile body.
Originality/value: Through this study, the correlation between the weld bead geometry and the EN ratio in the 
AC pulse GMAW was confirmed. Though the weld quality assessment, suitable pulse GMAW conditions of DP 
780 were suggested.
Keywords: Welding; Pulse GMAW; EN ratio; Advanced High Strength Steel (AHSS); DP 780
Reference to this paper should be given in the following way: 
W.J. So, M.J. Kang, D.C. Kim, Weldability of pulse GMAW joints of 780 MPa dual-phase steel, Archives of 
Materials Science and Engineering 41/1 (2010) 53-60.

MATERIALS MANUFACTURING AND PROCESSING

 
 

 
1. Introduction 

 
Because of the recent increase in oil prices and people’s 

growing interest in environmental issues through the world, 
automobile makers have conducted various studies on improving 
fuel efficiency through weight reduction in vehicles [1]. One of 
the most widely known car weight-reduction methods is to use 

high strength steel [2]. However, because of poor weldability and 
gap occurrence in assembly process caused by spring back, it is 
difficult to obtain good weld quality when working with the 
AHSS. 

In this paper, pulse GMA welding which uses changes in the 
polarity and the characteristics of pulse current, has been applied 
to the arc welding of AHSS for automobile body [3~6]. 

First, welding current and voltage were measured using a 
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high-speed camera. Then, welding wire melting phenomena over 
change in EN ratio were analyzed at AC pulse GMAW [7]. Based 
on an analysis of the shape of the bead section, the impact of EN 
ratio to bead height, bead width and penetration was examined  
[8-10]. The welding conditions that are robust to the gap have 
been suggested through an analysis of tensile strength, 
macrosection of welding and fracture appearance of tensile 
strength testing at the lap joint welding of DP 780 [11]. 
 
 

2. Experiments 
 
 
2.1. Characteristics of AC pulse GMA welding 
 

AC pulse GMAW is welding which repeats Direct Current 
Electrode Positive (DCEP) and Direct Current Electrode Negative 
(DCEN) in a cycle based on EN ratio. This welding has the 
advantages of both DCEP and DCEN. The production of burn-
through is low because the heat input is lower than the DC pulse 
GMAW. In addition, spatter hardly occurs because of ODPP (One 
Drop Per Pulse) metal transfer [12]. 

Fig.1 represents the current waveform of AC pulse GMAW, 
which can be expressed in the EN ratio as shown below. Here, IEP, 
IB, IEN, TEP, TB and TEN represent the pulse current of DCEP, base 
current of DCEP, current of DCEN, pulse current time of DCEP, 
base current time of DCEP and time of DCEN, respectively [13]. 
 

 
 

Fig. 1. Current waveform for AC pulse GMA welding 
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2.2. Wire melting phenomena by change in EN 
ratio  
 

To observe wire melting phenomena by change in EN ratio in 
AC pulse GMAW, the weld voltage and weld current waveform 
were measured using National Instrument cDAQ. Then wire 
melting phenomena were filmed at 5,000 frames/sec after 
synchronizing the current and voltage waveforms with 
REDLAKE HG-100K high-speed camera (Fig. 2). 

AC Pulse MIG
High-Speed 

Camera

Photograph
Data Acquisition 

System
 

 
 

Fig. 2. Configuration of experimental set-up 
 
 

For the base metal and wire, 8mm-thick SM 490 and ER70S-6 
(1.2mm in diameter) were used, respectively. Their chemical 
compositions of ER70S-6 are stated in Table 1 below. Table 2 
describes the welding process parameters used in the experiments.  

Fig. 3 illustrates voltage and current waveforms at 0% EN 
ratio which refers to DC pulse GMAW. Fig. 4 shows wire melting 
phenomena filmed using a high-speed camera. 
 
 
Table 1. 
Chemical composition of the ER 70S-6 

Element C Si Mn P S 
Wt.% 0.07 0.86 1.53 0.012 0.007 

 
 
Table 2. 
Welding process parameters 

parameter Condition 
shield gas 95% Ar + 5% CO2, 20 /min 

CTWD (mm) 15 
welding current (A) 100 

welding speed (m/min) 0.5 
EN ratio (%) 0, 30 

 
 

Figures (a) to (j) demonstrate wire melting phenomena per 
pulse at DC pulse GMA welding. Here, the figures from (a) to (d) 
and (e) to (j) are IP and IB wire melting phenomena, respectively. 
A cathode spot which emits electrons was observed in the base 
metal across all sections (figures from (a) to (j)). Therefore, it was 
confirmed that the base metal was heated because of the creation 
of an arc root in the base metal [4-6]. 

At 100A of welding current at DC pulse GMAW (0% EN 
ratio), 3.8 m/min of wire feed speed was measured. 
 

 

 
 

Fig. 3. Current and voltage waveform at the EN ratio of 0% 
 

 
 

Fig. 4. Photos of arc phenomena at the EN ratio of 0% 
 

Fig. 5 shows the welding voltage and welding current 
waveforms at 30% EN ratio of AC pulse GMAW while Fig. 6 
illustrates wire melting phenomena filmed with a high-speed 
camera during a pulse at 30% EN ratio. Here, the figures (a) to (c), 
(d) to (f) and (g) to (j) represent pulse current of DCEP, base current 
of DCEP and current of DCEN, respectively. In DCEN (figures 
from (g) to (j)), arc root homogenously covers the surface of non-
melted wire. In other words, the non-melted wire is directly heated. 

The wire feed speed at AC pulse GMAW with 30% EN ratio 
was 4.2m/min. It was measured faster, compared to 0% EN. In 
other words, wire feed speed increased in proportion to time of 
DCEN.  
 
 
2.3. Change in bead shape by change in EN 
ratio 
 

Weld bead shape is decided by welding process parameters 
such as weld current, weld voltage, weld speed and shield gas 
while shape of weld bead is closely related with mechanical 
properties of weld metal. Therefore, it is necessary to analyze the 
impact of welding process parameters on bead shape in advance 
in order to get bead shape that represents good weld quality.  

This paper analyzed the impact of the welding current 
(process parameter of AC pulse GMAW) and EN ratio on bead 
shape parameters such as bead width (W, mm), bead height  
(H, mm) and penetration (P, mm). 

 
 

Fig. 5. Current and voltage waveform at the EN ratio of 30% 
 

 
 

Fig. 6. Photos of arc phenomena at the EN ratio of 30% 
 
 

 
 

Fig. 7. Bead shape parameters 
 
 

To analyze the impact of the welding process parameters of 
AC pulse GMAW on bead shape, a welding experiment was 
carried out under the conditions stipulated in Table 3. To measure 
the macrosection of the weld bead, 8mm-thick SM490 was tested 
(bead-on-plate-welding test). For wire and shield gas, ER 70S-6 
(1.2mm in diameter) and 95% Ar + 5% CO2 (20m/min) were used. 
Furthermore, the Contact Tip to Work Distance (CTWD) was set 
to 15mm. 

Fig. 8 represents the macrosection of the bead with the change 
in EN ratio and weld current at 0.5m/min of welding speed. 
According to this figure, wire melting increased with the increase 
in the welding current. Therefore, the bead became wider with a 
greater deposit. Fig. 9 shows the change in bead width, bead 
height and penetration with the change in welding current and EN 
ratio at 0.5m/min of welding speed. 

2.  Experiments

2.1. Characteristics of AC pulse GMA welding

2.2.  Wire melting phenomena by change  
in EN ratio

http://www.archivesmse.org
http://www.archivesmse.org
http://www.archivesmse.org
http://www.archivesmse.org
http://www.archivesmse.org


55

Weldability of pulse GMAW joints of 780 MPa dual-phase steel

Volume 41    Issue 1   January 2010

high-speed camera. Then, welding wire melting phenomena over 
change in EN ratio were analyzed at AC pulse GMAW [7]. Based 
on an analysis of the shape of the bead section, the impact of EN 
ratio to bead height, bead width and penetration was examined  
[8-10]. The welding conditions that are robust to the gap have 
been suggested through an analysis of tensile strength, 
macrosection of welding and fracture appearance of tensile 
strength testing at the lap joint welding of DP 780 [11]. 
 
 

2. Experiments 
 
 
2.1. Characteristics of AC pulse GMA welding 
 

AC pulse GMAW is welding which repeats Direct Current 
Electrode Positive (DCEP) and Direct Current Electrode Negative 
(DCEN) in a cycle based on EN ratio. This welding has the 
advantages of both DCEP and DCEN. The production of burn-
through is low because the heat input is lower than the DC pulse 
GMAW. In addition, spatter hardly occurs because of ODPP (One 
Drop Per Pulse) metal transfer [12]. 

Fig.1 represents the current waveform of AC pulse GMAW, 
which can be expressed in the EN ratio as shown below. Here, IEP, 
IB, IEN, TEP, TB and TEN represent the pulse current of DCEP, base 
current of DCEP, current of DCEN, pulse current time of DCEP, 
base current time of DCEP and time of DCEN, respectively [13]. 
 

 
 

Fig. 1. Current waveform for AC pulse GMA welding 
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2.2. Wire melting phenomena by change in EN 
ratio  
 

To observe wire melting phenomena by change in EN ratio in 
AC pulse GMAW, the weld voltage and weld current waveform 
were measured using National Instrument cDAQ. Then wire 
melting phenomena were filmed at 5,000 frames/sec after 
synchronizing the current and voltage waveforms with 
REDLAKE HG-100K high-speed camera (Fig. 2). 
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compositions of ER70S-6 are stated in Table 1 below. Table 2 
describes the welding process parameters used in the experiments.  

Fig. 3 illustrates voltage and current waveforms at 0% EN 
ratio which refers to DC pulse GMAW. Fig. 4 shows wire melting 
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Figures (a) to (j) demonstrate wire melting phenomena per 
pulse at DC pulse GMA welding. Here, the figures from (a) to (d) 
and (e) to (j) are IP and IB wire melting phenomena, respectively. 
A cathode spot which emits electrons was observed in the base 
metal across all sections (figures from (a) to (j)). Therefore, it was 
confirmed that the base metal was heated because of the creation 
of an arc root in the base metal [4-6]. 

At 100A of welding current at DC pulse GMAW (0% EN 
ratio), 3.8 m/min of wire feed speed was measured. 
 

 

 
 

Fig. 3. Current and voltage waveform at the EN ratio of 0% 
 

 
 

Fig. 4. Photos of arc phenomena at the EN ratio of 0% 
 

Fig. 5 shows the welding voltage and welding current 
waveforms at 30% EN ratio of AC pulse GMAW while Fig. 6 
illustrates wire melting phenomena filmed with a high-speed 
camera during a pulse at 30% EN ratio. Here, the figures (a) to (c), 
(d) to (f) and (g) to (j) represent pulse current of DCEP, base current 
of DCEP and current of DCEN, respectively. In DCEN (figures 
from (g) to (j)), arc root homogenously covers the surface of non-
melted wire. In other words, the non-melted wire is directly heated. 

The wire feed speed at AC pulse GMAW with 30% EN ratio 
was 4.2m/min. It was measured faster, compared to 0% EN. In 
other words, wire feed speed increased in proportion to time of 
DCEN.  
 
 
2.3. Change in bead shape by change in EN 
ratio 
 

Weld bead shape is decided by welding process parameters 
such as weld current, weld voltage, weld speed and shield gas 
while shape of weld bead is closely related with mechanical 
properties of weld metal. Therefore, it is necessary to analyze the 
impact of welding process parameters on bead shape in advance 
in order to get bead shape that represents good weld quality.  

This paper analyzed the impact of the welding current 
(process parameter of AC pulse GMAW) and EN ratio on bead 
shape parameters such as bead width (W, mm), bead height  
(H, mm) and penetration (P, mm). 

 
 

Fig. 5. Current and voltage waveform at the EN ratio of 30% 
 

 
 

Fig. 6. Photos of arc phenomena at the EN ratio of 30% 
 
 

 
 

Fig. 7. Bead shape parameters 
 
 

To analyze the impact of the welding process parameters of 
AC pulse GMAW on bead shape, a welding experiment was 
carried out under the conditions stipulated in Table 3. To measure 
the macrosection of the weld bead, 8mm-thick SM490 was tested 
(bead-on-plate-welding test). For wire and shield gas, ER 70S-6 
(1.2mm in diameter) and 95% Ar + 5% CO2 (20m/min) were used. 
Furthermore, the Contact Tip to Work Distance (CTWD) was set 
to 15mm. 

Fig. 8 represents the macrosection of the bead with the change 
in EN ratio and weld current at 0.5m/min of welding speed. 
According to this figure, wire melting increased with the increase 
in the welding current. Therefore, the bead became wider with a 
greater deposit. Fig. 9 shows the change in bead width, bead 
height and penetration with the change in welding current and EN 
ratio at 0.5m/min of welding speed. 

2.3.  Change in bead shape by change  
in EN ratio
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Table 3. 
Test parameters 

Parameter Condition 
Welding speed 0.5 [m/min] 

Welding current 100, 150, 200, 250 [A] 
EN ratio 0, 10, 20, 30 [%] 

 

 
 

Fig. 8. Macrosection of the bead on plate welds 
 

Under the same welding current, bead width and penetration 
decreased while bead height increased as EN ratio increased 
because DCEN time increased with the increase in EN ratio, and 
heat input to the base metal decreased because of direct wire 
heating after creation of the arc root in non-melted wire. 

Based on an experiment, a relation among welding current  
(I, 100-250A, welding process parameter of AC pulse GMAW), EN 
ratio (REN 0-30%), welding speed (S, 0.5-1.0m/min) and bead shape 
parameters such as bead width (W, mm), bead height (H, mm) and 
penetration (P, mm) was computed.  
 

937.0,038.0035.6023.0789.7 2RISRW EN  (2) 
 

934.0,012.0283.1009.0178.1 2RISRH EN  (3) 
 

937.0,021.0150.1014.0367.0 2RISRP EN  (4) 
 

The coefficient of determination for bead shape parameters (bead 
width, bead height, penetration) was 93% at a minimum. Therefore, it 
can be said that the process parameters (average welding current, EN 
ratio and welding speed) of AC pulse GMAW have a significant 
influence on the bead shape. In addition, it is possible to predict bead 
shape through the welding process parameters. 
 
 
2.4 Gap bridgeability of pulse GMAW on DP 780 
 

In general, a gap occurs at the welded joints because of forming 
or fitting errors during car body assembly. Therefore, a welding 
method with superior gap bridgeability is required. This paper 
assessed the gap bridgeability of pulse GMAW on DP780 (2mm-
thick steel sheet for car body) with the change in EN ratio. For wire 
and shield gas, ER 70S-6 (1.2mm in diameter) and 95% Ar + 5% 
CO2 (20m/min) were used. Furthermore,  CTWD was set to 15mm. 

With the change in gap (0 mm, 1 mm and 2 mm) and EN ratio (0-
30%), gap bridgeability was assessed. Fig. 10 represents dimensions 
of the test specimen used in this experiment and Fig. 11. schematic 
illustrations of experimental setup [11, 14-15]. 
 

 
 

(c) Bead width 
 

 
 

(b) Bead height 

 
 

(c) Penetration 
 

Fig. 9. Relationship between weld bead geometry and EN ratio 

 

 

 
 

Fig. 10. Dimensions of test specimen 
 

 
 

Fig. 11. Schematic illustrations of experimental setup 
 
 
Table 4. 
Determination of acceptable tensile strength 

 base metal tensile strength 
(MPa) 

acceptable tensile strength 
(MPa, 80% of base metal) 

DP 780 821 657 
 
 
Tensile strength test 

After the welding experiment, tensile strength and fracture 
location of the tensile strength test were observed. Fig. 12 shows 
dimensions of the tensile test specimen. To discover suitable 
welding conditions, the conditions that meet tensile strength by 
more than 80% against base metal were set as suitable welding 
conditions. If fracturing occurred on the welded metal during the 
tensile strength test, the situation was excluded from suitable 
welding conditions even if it satisfied tensile strength 
requirements. Table 5 represents the results of the tensile strength 
test of DP 780 lap welding experiments while Fig. 13 shows the 
fracture location of the tensile strength test.  

When there was low heat input (high weld speed, low weld 
current), a lack of fusion was observed. For high heat input (low 
weld speed, high weld current), however, burn-through occurred. 
With the increase in gap, tensile strength decreased. In addition, 
tensile strength decreased as welding speed increased.  

According to many studies, gap bridgeability increased with 
the increase in EN ratio. In this paper, however, EN ratio had little 
impact on tensile strength. It is because that the thick thickness of 
base metal (2mm), the increase in deposit caused by the increase 
in EN ratio and decrease in heat input were relatively less 
influential. 

 
 

Fig. 12. Dimensions of tensile test specimens 
 
Table 5. 
Tensile test result of DP 780 

Tensile strength 
(MPa) Current 

(A) 
EN ratio 

(%) 
Gap 

(mm) Welding speed 
0.5mpm 

Welding speed 
1.0mpm 

Welding speed 
1.5mpm 

0 177 307 lack of fusion
1 82 lack of fusion lack of fusion0 
2 239 lack of fusion lack of fusion
0 250 193 lack of fusion
1 358 lack of fusion lack of fusion15 
2 344 lack of fusion lack of fusion
0 219 261 lack of fusion
1 258 lack of fusion lack of fusion

50 

30 
2 311 lack of fusion lack of fusion
0 809 753 541 
1 800 574 447 0 
2 463 436 lack of fusion
0 805 714 527 
1 792 564 521 15 
2 583 396 lack of fusion
0 781 621 366 
1 746 504 408 

125 

30 
2 696 273 lack of fusion
0 843 823 777 
1 788 754 669 0 
2 750 483 363 
0 784 810 804 
1 811 691 652 15 
2 758 776 353 
0 792 811 793 
1 766 763 705 

200 

30 
2 741 465 329 
0 burn through 808 795 
1 burn through 788 773 0 
2 burn through 555 507 
0 burn through 802 817 
1 burn through 749 800 15 
2 burn through 616 420 
0 burn through 803 806 
1 burn through 798 744 

275 

30 
2 burn through 542 330 

2.4.  Gap bridgeability of pulse GMAW on DP 780
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Table 3. 
Test parameters 

Parameter Condition 
Welding speed 0.5 [m/min] 

Welding current 100, 150, 200, 250 [A] 
EN ratio 0, 10, 20, 30 [%] 

 

 
 

Fig. 8. Macrosection of the bead on plate welds 
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decreased while bead height increased as EN ratio increased 
because DCEN time increased with the increase in EN ratio, and 
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Fig. 9. Relationship between weld bead geometry and EN ratio 
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Table 4. 
Determination of acceptable tensile strength 
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welding conditions, the conditions that meet tensile strength by 
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welding conditions even if it satisfied tensile strength 
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current), a lack of fusion was observed. For high heat input (low 
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Fig. 12. Dimensions of tensile test specimens 
 
Table 5. 
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(a) EN 0%, gap 0mm (b) EN 0%, gap 1mm 
 
 

 
 

(c) EN 0%, gap 2mm (d) EN 15%, gap 0mm 
 
 

 
 

(e) EN 15%, gap 1mm (f) EN 15%, gap 2mm 
 
 

 
 

(g) EN 30%, gap 0mm (h) EN 30%, gap 1mm 
 

 

 
 

(i) EN 30%, gap 2mm 
 

Fig. 13. Fracture appearances of DP 780 welds 
 
Macrosection test 

Fig. 14. shows the macrosections of the DP 780 welds. Red 
circle-marked images represent acceptable macrosections of the 
bead. To qualify as acceptable, reinforcement of the weld should 
be greater than 0, and leg length should be greater than the sum of 
the gap and thickness of base metal. A suitable head shape will 
not be formed at low-current welding. With an increase in gap, it 
becomes more difficult to get a suitable head shape. 

 
 

(a) EN 0%, gap 0mm (b) EN 0%, gap 1mm 
 
 

 
 

(c) EN 0%, gap 2mm (d) EN 15%, gap 0mm 
 
 

 
 

(e) EN 15%, gap 1mm (f) EN 15%, gap 2mm 
 
 

 
 

(g) EN 30%, gap 0mm (h) EN 30%, gap 1mm 
 
 

 
 

(i) EN 30%, gap 2mm 
 

Fig. 14. Macrosections of DP 780 welds 
 
Suitable welding condition  

Based on tensile strength, fracture location and macrosection 
of the bead, suitable welding conditions were defined at pulse 
GMAW of 2mm-thick DP780 (Fig. 15.). The conditions that meet 
tensile strength by more than 80% against base metal were set as 
suitable welding conditions. If a fracture occurred on the welded 
metal during the tensile strength test or if bead shape of the 
macrosection is unacceptable, the situation was excluded from 
suitable welding conditions even if it satisfied tensile strength 

 

requirements. As the gap increased, suitable welding conditions 
decreased. If a 2mm of gap occurs in 2mm-thick DP780, suitable 
welding conditions will be 0.5mpm welding speed and 200A 
welding current. 
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Fig. 15. Suitable welding conditions for DP 780 

3. Conclusions 
 

In this paper, it was confirmed that DCEN section became 
longer with the increase in EN ratio, and arc root was formed in 
the electrode wire in DCEN section through analysis of wire 
melting phenomena with a change in EN ratio at AC pulse 
GMAW. As a result, it can be said that wire melting speed 
increases with an increase in EN ratio.  

The impact of EN ratio on bead shape parameters which 
include bead width, bead height and penetration was analyzed 
through bead on plate welding.  

The pulse GMA weldability of DP780 (steel sheet for car 
bodies) was assessed after analyzing a macrosection of welding, 
tensile strength and fracture location.  

Welding conditions which are robust to the gap which occurs 
at the welded joint were suggested after choosing suitable welding 
conditions. 
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Macrosection test 
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longer with the increase in EN ratio, and arc root was formed in 
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The impact of EN ratio on bead shape parameters which 
include bead width, bead height and penetration was analyzed 
through bead on plate welding.  

The pulse GMA weldability of DP780 (steel sheet for car 
bodies) was assessed after analyzing a macrosection of welding, 
tensile strength and fracture location.  

Welding conditions which are robust to the gap which occurs 
at the welded joint were suggested after choosing suitable welding 
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