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Introduction
Recent development in the field of modern 

structural materials and welding technologies 
has been dictated by the needs of the auto-
motive industry. In spite of numerous attempts 
aimed at the implementation of such materials 
as magnesium and aluminium alloys, plastics, 
or composites, steels still dominate in the 
production of cars due to lower costs, better 
operating properties, and ease of joining. Au-
tomotive industry manufactures continually 
seek solutions which would allow them to ob-
tain high-quality welds of thin steel plates pro-
vided or not provided with protective coatings. 
A technology currently applied in joining of 
3mm-thick steel plates, based on MAG wel-
ding, is unable to satisfy all quality-related 
requirements. Particularly problematic is the 
supply of excessive heat to the joint, resulting 
in deformations and spatters. Spatters signifi-
cantly reduce the aesthetics of joints and are 
difficult to remove.

   Implementation of modern MAG wel-
ding technologies in the automotive industry 
has been possible thanks to newly developed 
solutions of advanced welding control sys-
tems. The new, so-called, low-energy methods 
such as CTM or ColdArc, are indented to meet 
requirements specified by car manufacturers. 
The application of low-energy welding me-
thods decreases the amount of deformations 
of welded elements, reduces the number of 
spatters, and as a result significantly improves 

the appearance of joints. The most recent so-
lution in relation to innovative MAG welding 
methods consists in the application of variable 
polarity pulsed current (Fig. 1). 

The study presents the analysis of technolo-
gical conditions of the welding of protective-
coated structural materials. The welding me-
thods tested in the research were those of AC 
Pulse, developed by a Japanese company OTC 
Daihen and the Cold Process, applied using 
Cloos-manufactured equipment. The results 
presented in the study were obtained at Insty-
tut Spawalnictwa while conducting research 
work [1].
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Fig.1 Course of current in various methods of welding 
with consumable electrode
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Course of tests and obtained results
The technological tests of welding with 

variable polarity pulsed current were conduc-
ted on a mechanised station provided with a 
welding tractor equipped with holder-fixing 
fixtures, a guide bar, and an element for set-
ting and fixing the position of elements to be 
welded. Technological tests involved the use 
of an OTC Daihen-manufactured device DW 
300 and a Cloos-made welding power source 
Qineo Champ 450 as well as an electrode wire 
PN-EN ISO 14341-A-G3Si1 of 1.0-mm and 
1.2-mm diameter [2]. The shielding gas used 
for welding with the DW 300 was a mix con-
taining 82 % Ar and 18 % CO2 (PN-EN ISO 
14175-M21-ArC-18). In turn, the shielding 
gas used for welding with the Qineo Champ 

450 was a mix composed of 92% Ar and 8% 
CO2  (PN-EN ISO 14175-M20-ArC-8) as it 
was for this gas that a specified synergic line 
was developed and used in research-related te-
sts. The application of another shielding gas 
would have impeded a welding process [3]. A 
gas flow rate applied in the tests was constant 
and amounted to 12l/min. Steels used in the 
tests were HX 420 LAD Z 100 MBO, HX 260 
LAD Z140 MBO, DX53D ZF 100 RBO, HC-
T600X ZF100 RBO, H380 LAD Z140 MBO, 
DX56D ZF100 RBO [4, 5].

Recording of course of current and 
voltage in time

The first stage of tests consisted in recording 
the courses of current intensity and arc volta-

ge in a function of time. A 
system for monitoring the 
welding process electric pa-
rameters was developed at 
Instytut Spawalnictwa [6]. 
During recording, several 
padding welds were built up 
in 3mm-thick sheets. Cour-
ses were recorded for con-
stant settings of technolo-
gical parameters. The only 
parameter altered during 
recording was the percenta-
ge EN ratio (Electrode Ne-
gative ratio) in the course of 
welding current. The afore-
said parameter is a non-di-
mensional value and can be 
set within a range from -30 
to +30 (DW 300) and from – 
50 to + 50 (Qineo Champ). 
Courses for extreme settin-
gs of EN ratio are presented 
in Figures 2-7.

Fig. 2. Course of changes in current and voltage during surfacing of zinc-coated 
plate using DW 300. Neutral setting of EN ratio

Fig. 3. Course of changes in current and voltage during surfacing of zinc-coated 
plate using DW 300. Minimum EN ratio
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Results obtained through the recording of 
electrical parameters during surfacing confir-
med that current intensity and arc voltage in-
deed alter their polarity. A time-related course 

of welding current revealed 
two components of the EN 
ratio i.e. basic current and 
pulse current. Basic current 
maintains an arc during the 
change of voltage polarity; 
a negative pulse controls a 
drop of liquid filler metal. 
Reference publications in-
dicate that this process takes 
place only for ratio values 
exceeding 30%; otherwise, 
the change of polarity may 
destabilise an arc [7]. As 
the EN ratio setting is non-
dimensional in the case of 
both devices, it is not pos-
sible to directly determine 
the percentage of EN ratio 
in the course of welding cu-
rrent intensity and arc vol-
tage (works on this topic are 
underway). During the test 
it was possible to observe 
that there was no EN (elec-
trode negative) for a setting 
ensuring the minimum EN 
ratio for the Qineo Champ 
device (Fig. 7). In the above 
case, the course of current is 
characteristic of a classical 
pulsed arc welding. 

During the recording of 
parameters it was possible 
to observe that a change of 
EN ratio significantly af-
fects the course of a welding 

process and the appearance of padding welds. 
For this reason, the next stage involved tech-
nological tests of welding and surfacing with 
various settings of the parameter (i.e. course 

Fig. 4. Course of changes in current and voltage during surfacing of zinc-coated 
plate using DW 300. Maximum EN ratio

Fig. 5. Course of changes in current and voltage in function of time, recorded 
during surfacing of zinc-coated plate using Qineo Champ 450. Neutral setting of 

EN ratio

 Fig. 6. Course of changes in current and voltage in function of time, recorded 
during surfacing of zinc-coated plate using Qineo Champ 450. Maximum EN 

ratio
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of current) in order to determine its impact 
on the shape of weld/padding welds and the 
aesthetics of a welded joint.

Impact of various settings of EN ratio 
on the course of welding process

In order to determine the impact of EN ratio 
on the quality and geometry of a joint as well 
as on the depth 
of penetration, it 
was necessary to 
build up a number 
of padding welds 
at various settings 
of the parameter 
and with constant 
values of other 
technological pa-
rameters (filler 
wire feeding rate 
and welding rate). 
Padding welds 
were built up on 
3mm-thick plates 
of steel HX420 
LAD Z 100 MBO. 
Table 1 presents 
examples of the 

macrostructure of padding 
welds produced with vario-
us settings of EN ratio.

Technological and ma-
croscopic metallographic 
tests revealed that EN ra-
tio affects the geometry 
and aesthetics of padding 
welds. The maximum EN 
ratio resulted in the smallest 
penetration depth, whereas 
the minimum EN ratio led 
to the greatest depth of pe-

netration. The obtained padding welds were 
characterised by good quality and appearance. 
The surfacing process was stable and produ-
ced very few spatters, resulting in a smooth 
and uniform face of padding welds. Sectional 
views of padding welds did not reveal any wel-
ding imperfections. Only when settings were 

Fig. 7. Course of changes in current and voltage in function of time, recorded 
during surfacing of zinc-coated plate using Qineo Champ 450. Minimum EN 

ratio

Table 1.Macrostructures of padding welds built up on 3mm-thick plates of steel HX420 LAD 
Z 100 MBO at various settings of EN ratio

EN ratio
Macrostructure

AC Pule Cold Process

Neutral 
setting 

of EN ratio

Maximum EN 
ratio

Minimum 
EN ratio

Note: Adler etchant
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extreme, the process was less stable, repeata-
bility was lower, and spatters became bigger, 
which significantly deteriorated the aesthetics.

Another purpose of the research was to 
investigate the impact of EN ratio on the co-
urse of a welding process as well as on the qu-
ality and aesthetics of welded joints. The pla-
tes used for the tests were 1.5 mm thick, made 
of steel grade DX 53 D ZF 100 RBO and pro-
vided with a zinc-iron protective coating. The 
tests involved the production of overlap joints 
for various parameter settings and in constant 
welding conditions (filler wire feeding rate 
and welding rate). During the process, assess-
ment was connected with the process stabili-
ty. After the completion of the process, each 
joint underwent a visual inspection. The cri-
terion used in the evaluation of the selection 
of parameters and welding conditions was the 
quality level B according to standard PN-EN 
ISO 5817 [8]. Another process-related crite-
rion was the smallest possible damage to the 
zinc-iron layer. A visual inspection of joints 
produced at various settings of EN ratio re-
vealed that practically in the whole range of 
EN ratio settings (except for extreme ones) it 
is possible to obtain joints 
of a very good quality. The 
smaller the EN ratio in the 
course the greater the da-
mage to a zinc-iron layer 
near a weld. A decrease in 
EN ratio resulted in an in-
crease in heat supplied to 
the material being welded 
which was manifested by 
an increased width of the 
joint overheating-affected 
area, greater deformations, 
and local burn-throughs of 
elements being joined. 

Technological tests of welding of va-
rious steels with protective coatings

The next stage involved technological tests 
related to the welding of various joints (butt, 
T-shaped and overlap joints) made of plates of 
various thicknesses. Tests revealed that MAG 
welding with variable polarity current makes 
it possible to obtain butt, T-shaped, and over-
lap joints characterised by very good quality. 
Apart from technological parameters, the ba-
sic variable affecting the possibility of joining 
elements and the course of a welding process 
is the EN ratio. Welding of thin elements is 
most advantageous if accompanied by a high 
EN ratio as it translates to small deformations 
and minimum damage to the zinc-iron layer. In 
turn, T-shaped and butt joints of greater thick-
nesses should be welded with a lower EN ratio 
as the process of welding is more “energetic” 
(i.e. heat input is higher). According to the test 
results, the appropriate selection of technolo-
gical parameters makes it possible to produce 
overlap and butt joints of plates having as lit-
tle as 0.75 mm and 0.8 mm thicknesses. Figu-
res 8-10 present selected joints and their ma-
crostructure.

Fig. 8 General view and macrostructure of overlap joint of 0.75mm-thick steel 
DX56D ZF100 RBO; etchant: Adler, magnification x8
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A considerable advantage of MAG welding 
with variable polarity current is the possibility 
of producing inaccurately matched joints, even 
with a gap of 2 mm. Such a possibility is of par-
ticular importance in the automotive industry, 
where one often faces the necessity of welding 
such joints. The above mismatching is a frequ-
ent cause of such welding imperfections as bur-
n-through or inadequate joint penetration. Ele-
ments having such imperfections are forwarded 
to corrective welding which increases the cost 
of production and the number of unaccep-
table products resulting in deteriorating pro-
duction statistics. For this reason, technologi-
cal tests included the welding of inaccurately 
matched overlap joints, butt joints with square 
preparation, and T-shaped joints. Overlap jo-

ints were made of 
1.2mm-thick steel 
HCT 600X ZF 100 
RBO, butt joints 
with square prepa-
ration were made 
of 3.0mm-thick 
steel HX 420 
LAD Z100 MBO, 
and T-shaped jo-
ints were made of 
2.0mm-thick steel 
H380 LAD Z140 
MBO. All the joints 
were made with 
0.5mm and 1.0mm 
gaps. Figures 11-
13 present selected 
macroscopic pho-
tographs of inac-
curately matched 
joints. 

Tests revealed 
that MAG welding with variable polarity cu-
rrent can be used for welding of inaccurately 
matched butt, T-shaped and overlap joints. 
Good quality, aesthetics, and an effective brid-
ging effect were obtained for all kinds of co-
atings. Properly selected welding conditions 
can minimise or even entirely eliminate spat-
ters.

Fig. 9. Main view and macrostructure of butt joint with square preparation, made of 0.8mm
-thick steel DC04+ZE 25/25 AO, test piece no. 24 from Table 9. A - view from face of weld, 

B- view from root of weld; etchant: Adler, magnification x8.5

Fig. 10. Main view and macrostructure of butt joint with square preparation, made of 
3.0mm-thick steel HX 420 LAD Z 100 MBO, test piece no. 10.1 from Table 9. A - view 

from face of weld, B- view from root of weld; etchant: Adler, magnification x5.5

Fig. 11. Macrostructure of overlap joint of 1.2mm-thick 
steel HCT600X ZF 100 RBO; joint welded with 1.0 mm 

gap; etchant: Adler, magnification x4

Fig. 12. Macrostructure of butt joint with square prepa-
ration, made of 3.0mm-thick steel HX 420 LAD Z100 

MBO; joint welded with 1.0 mm gap; etchant: Adler, ma-
gnification x3
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Summary
Conducted technological tests of the welding 

of thin plates made of unalloyed and low-alloy 
steels of increased strength and protected with 
various zinc-based coatings revealed that the 
application of variable polarity current makes 
it possible to build up joints characterised by 
good quality and aesthetics. A process of wel-
ding with variable polarity current is less stable 
than traditional MAG welding and emits speci-
fic sounds, yet joints welded in such a process 
are characterised by good quality and tend to 
be free from spatters.

The basic process variables having the gre-
atest impact on the course of the process as well 
as on the weldability, quality, and aesthetics of 
joints are the technological parameters (filler 
wire feeding rate, welding rate, torch inclina-
tion angle and arc length) and EN ratio in the 
course of welding current. A change of EN ratio 
significantly affects arc voltage and the amount 
of heat supplied to a joint. Research results re-
vealed that the best results are achieved with 
neutral settings of the parameter. An incre-
ase in EN ratio reduces the penetration depth 
and bridging ability of an arc. If one needs to 
weld thin plates and avoid, as much as possi-
ble, damage to the zinc coating, a higher EN 
ratio should be applied in the course of current. 
The application of high EN ratio in the course 
of current also makes it possible to weld inac-
curately matched joints. A decreased EN ratio 

increases heat input of the process and reduces 
the depth of penetration. T-shaped joints and 
thicker elements require a higher EN ratio in 
the course of current. The most convenient so-
lution consists in applying a neutral EN ratio, 
as such an approach enables obtaining good 
quality welds and sufficient penetration depth. 
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