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Abstract: Steels of the DOCOL group, characterised by high tensile strength 
and yield point, play an important role in the manufacturing of means of trans-
port. However, the above-named steels are difficult to weld and joints made in 
them do not guarantee comparable mechanical properties. The research work 
discussed in the article aimed to determine process parameters suitable for the 
welding of a moving platform made of steel DOCOL 1200M as well as to assess 
the effect of welding parameters on the quality of obtained  joints. The tests also 
involved analysing the effect of shielding gases, preheating and interpass temper-
ature on the quality of an 8 mm thick MAG welded moving platform structure.
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Introduction
The article presents results of tests aimed to 
adjust MAG process parameters enabling the 
welding of plates made in steel DOCOL 1200M 
(belonging to the group of advanced high-
strength steels (AHSS)), used in the produc-
tion of moving platform elements.

Because of its high strength (1200 MPa), steel 
DOCOL 1200M is enjoying growing popular-
ity in civil engineering as well as in the pro-
duction of means of transport. However, one 
of the primary disadvantages of the steel is its 
low relative elongation (6%) resulting from the 
dominant martensitic structure, favouring the 
formation of welding cracks [2–4]. To reduce 
welding stresses, it is recommended to limit 

linear energy during welding to 4 kJ/cm [5–6]. 
Thin-walled structures made of steel DOCOL 
1200M do not require bevelling and are welded 
using UNION X90 or UNION X96 filler metal 
wires. Shielding gases used in the welding pro-
cess include CO2 as well as mixtures of argon 
with carbon dioxide or with oxygen [7–9]. Pre-
heating is recommended in relation to thick-
walled structures. However, no explicit welding 
process-related guidelines have been developed 
for 6 mm, 8 mm and 10 mm thick plates made 
of steel DOCOL 1200M. Important aspects may 
include the manner of the bevelling of plates, 
welding sequence-related current-voltage pa-
rameters, types of electrode wires and shield-
ing gases as well as welding rates [10–12]. The 
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research work discussed in the article involved 
the making of a proper joint in steel 8 mm thick 
DOCOL 1200M used in the production of mov-
ing platform structures. The welding process 
was performed using various shielding gas-
es under various temperature-related welding 
conditions (preheating, interpass temperature).

Test materials
Steel DOCOL 1200M, dominated by the mar-
tensitic structure, belongs to steels which are 
considered as difficult to weld  because both the 
weld and the heat affected zone are susceptible 
to the formation of welding cracks. The prima-
ry welding issue of steel DOCOL 1200M is the 
significantly lower tensile strength of the joint 
than that of the base material and even less fa-
vourable plastic properties [13]. Table 1 presents 
the mechanical properties of steel DOCOL 
1200M in the as-received state.

The analysis of the above-presented data (Ta-
ble 1) indicates that, because of its high tensile 
strength (significantly higher than that of oth-
er low-alloy steels) steel DOCOL 1200M can 
be very useful in the making of moving plat-
forms. The use of steel DOCOL 1200M could 
enable the extension of the operational range 
of the platform and make it possible to increase 
its carrying capacity without increasing the 
weight of the vehicle. The high strength prop-
erties of steel DOCOL 1200M (in comparison 

with those of other low-alloy steels) result from 
its chemical composition, i.e. significantly high-
er contents of titanium and aluminium than in 
unalloyed steels used in civil engineering and in 
the manufacturing of means of transport. The 
chemical composition of steel DOCOL 1200M 
(Table 2) makes it possible to increase tensile 
strength without compromising acceptable 
plastic properties.

Another important aspect of steel DOCOL 
1200M is its very low sulphur content, trans-
lating into increased toughness [13] (Table 2).   
The weldability of steel DOCOL 1200M was as-
sessed on the basis of an 8 mm thick plate used 
in the making of elements of a moving platform.

The tests involved the making of MAG (Met-
al Active Gas) welded joints using CO2 or 98% 
Ar+2% O2 and 82% Ar+18% CO2 as shielding 
gases and a UNION X96 (EN ISO 16834-A G 89 
6 M21 Mn4Ni2CrMo) filler metal wire. During 
the tests, attention was paid primarily to the ef-
fect of the shielding gas (mixture), preheating 
and interpass temperature on the quality of the 
MAG welded joint. The chemical composition 
of the filler metal wire is presented in Table 3.

The chemical composition of the wire was 
intentionally not the same as that of the base 
material (dominated by the martensitic struc-
ture). The UNION X96 electrode wire con-
tained chromium and a higher silicon content 
to increase the strength of joints. The wire 
also contained nickel and molybdenum to im-
prove plastic properties of joints. It follows that 
some chemical elements are responsible for the 
fine-grained structure in materials subjected 
to plastic working (e.g. steel subjected to roll-
ing), whereas others are responsible for the 

Table 1. Steel DOCOL 1200M and its mechanical proper-
ties [13]

Yield point Re, 
MPa

Tensile strength 
Rm, MPa

Elongation 
A5, % 

730 1190 6.1

Table 2. Steel DOCOL 1200M – chemical composition [14]

Steel grade C% Si% Mn% P% S% Al% Nb% Ti%
DOCOL 1400M 0.15 0.20 1.30 0.008 0.001 0.045 0.009 0.021

Table 3. Filler metal wire UNION X96 – chemical composition [8]

Wire grade C% Si% Mn% S% Cr% Mo% Ni% Ti%
UNION X96 0.1 0.8 1.8 0.001 0.45 0.65 2.45 0.007
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fine-grained structure in castings; the weld is a 
cast material, not subjected to plastic working. 
The very low content of sulphur (approximate-
ly 0.001%) in the steel and in the wire aims to 
provide the most favourable plastic properties. 

Before welding, the 8 mm thick plates were 
subjected to bevelling (Fig. 1). Dimension a (dis-
tance between the plates) and b (threshold) were 
determined experimentally. An 8 mm thick test 
joint was made using the 98%Ar+2%O2-shield-
ed welding process. The initial experimental 
test results revealed that the most favourable 
results of the welding process were obtained in 
relation to a = 1.5 mm and b = 2 mm.

The welding process parameters included 
an arc voltage of 18 V (in relation to the first 
root run) and a welding current of 115 A. The 
diameter of the UNION X96 filler metal wire 
amounted to 1.0 mm. The welding rate applied 
when making the first layer amounted to 300 
mm/min. The weld was made in six runs. The 
subsequent layers were made using higher cur-
rent-voltage parameters (for deeper penetra-
tion). The parameters are presented in Table 4.  

The tests involved the making of joints with-
out preheating and with preheating to a tem-
perature of 120°C. Interpass temperature values 
tested during the deposition of the subsequent 
layers amounted to 150°C, 170°C and 190°C.

Testing methods
The quality of the joint was tested in relation to 
the type of shielding gas (mixture) and weld-
ing-related temperature conditions (preheat-
ing temperature and interpass temperature). 
The joints obtained using the CO2–shielded 
(and next 82%Ar+18%CO2 and 98%Ar+2% 
O2-shielded) MAG welding method were sub-
sequently subjected to the following non-de-
structive tests (NDT): 
–– aided eye visual tests (VT) of the welded 
joints performed using a magnifying glass (a 
magnification of 3×) and following require-
ments of the PN-EN ISO 17638 standard; as-
sessment criteria were in accordance with EN 
ISO 5817,

–– magnetic particle tests (MT) performed us-
ing an REM-230 magnetic defectoscope; the 
tests were performed and their results were 
assessed in accordance with the above-named 
standards.

The analysis of the non-destructive test results 
enabled the selection of joints for the subse-
quently performed immediate tensile strength 
tests. The strength of the joints was determined 
using an INSTRON 3369 testing machine.  

The structure of the specimens was tested 
using a light microscope (LM) (LECO). The 
specimens not containing welding imperfec-
tions were qualified for impact strength tests, 
performed in accordance with the PN-EN ISO 
9016 2021 standard.

The test results enabled the adjustment of 
process parameters used during the welding 
of joints in 8 mm thick plates made of steel 
DOCOL 1200M.

Table 4. Parameters used in the making of the subsequent 
layers of the joint in steel DOCOL 1200M [individual 

study]

Layer number
(from the root 

side)

Arc 
voltage, V

Current, 
A

Welding 
rate, 

mm/min
first layer 18 115 300

second layer 20 220 330
layers nos. 3–6 22 240 360

Fig. 1. Bevelling of the plates made of steel DOCOL 
1200M [individual study]
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Test results and analysis
The results of the macroscopic 
(unaided eye) visual tests and 
of the magnetic particle tests 
of the moving platform joints 
are presented in Table 5.  

The data contained in the 
above-presented Tables re-
vealed that the CO2–shielded 
process failed to produce pos-
itive results as both the weld 
and the HAZ contained cracks. The tests also 
involved the use of two argon-based shielding 
gas mixtures (with carbon dioxide and with ox-
ygen). Both mixtures enabled the obtainment of 
positive tests results. It was ascertained that the 
proper welding of the 8 mm thick plates made 
in steel DOCOL 1200M required preheating 
at a temperature of 120°C. A preheating tem-
perature of 120°C was recognised as sufficient 
as the joints did not contain any cracks. At the 
same time it was noticed that interpass temper-
ature should not exceed 170°C. The joints made 
using a preheating temperature of 120° C and 

an interpass temperature of 190°C contained 
cracks. Further destructive tests (immediate 
tensile strength, toughness) only included the 
joints subjected to preheating at a temperature 
of 120°C and made using an interpass tempera-
ture of 170°C. The strength of the joints, meas-
ured using an INSTRON 3369 testing machine, 
is presented in Table 6. The averaged immediate 
tensile strength results were based on three tests.

The data presented in Table 5 reveal the ob-
tainment of high strength Rm and acceptable 
relative elongation A5, corresponding to that 
of the base material. Slightly higher strength 
was characteristic of the Ar+2%O2-shield-
ed MAG-welded joints. In turn, higher 
relative elongation was observed in the Ar+18%-
CO2-shielded joint. The analysis of information 
presented in reference publication [8] and the 
comparison of the aforesaid information with 
the test results indicated that the differences in 

Table 6. Strength of the joint made of steel DOCOL 
1200M (preheating to 120°C, interpass temperature of 

170°C) [individual study]

Shielding gas Re [MPa] Rm [MPa] A5 [%]
98%Ar+2%O₂ 531 717 6.0
Ar+18%CO₂ 522 706 6.1

Table 5. Results of the non-destructive tests of the moving platform joints 
[individual study]

Shielding 
gas

Welding without 
preheating

Welding with preheating to 120°C, 
interpass temperature:

150°C 170°C 190°C

Ar+18% CO₂ cracks in the 
welds and HAZ

lack of 
cracks

lack of 
cracks

cracks in 
the welds

CO₂ cracks in the 
welds and HAZ

cracks in 
the welds 
and HAZ

cracks in 
the welds 
and HAZ

cracks in 
the welds 
and HAZ

98% Ar-2% 
O₂

cracks in the 
welds and HAZ

lack of 
cracks

lack of 
cracks

cracks in 
the welds

Fig. 2. Dominant martensite and fine-grained ferrite in the MAG weld near the fusion line; shielding gas mixture: 
Ar+18% CO2; etchant: Nital) [individual study]
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the mechanical properties of both joints could 
probably be ascribed to the content of oxygen 
in the weld deposit. In accordance with infor-
mation contained in reference publication [8], 
the more oxidising mixture should enable the 
obtainment of weld deposit containing more 
oxygen (up to approximately 500 ppm) [8], 
which, in turn, should determine the morpho-
logical variety of ferrite. Appropriate ferrite va-
rieties, characterised by finer grains, provide 
more favourable plastic properties. In the case 
under discussion, the tests were limited to ob-
servations of the joint microstructure. The tests 
involved cross-sectional metallographic speci-
mens previously subjected to etching in Nital.

The results of the microscopic observations 
of the joints made using two different shield-
ing gas mixtures, a preheating temperature of 
120°C and an interpass temperature of 170°C 
are presented in Figure 2.  

The specimens subjected to the Ar+18% CO2 
and Ar +2% O2-shielded MAG welding process 
contained the dual-phase structure with dom-
inant martensite and fine-grained ferrite (af-
fecting the plastic properties of the joint). The 
dominant martensitic structure makes the joint 
potentially susceptible to crack formation. The 
macrostructural analysis and the microscopic 
tests did not reveal the presence of any defects 
or welding imperfections.  

The final stage of the non-destructive tests 
was concerned with the toughness of the joint 
at a temperature of –40° C. The specimens se-
lected (on the basis of NDT results presented in 
Table 5) for the determination of impact energy 
were free from cracks and made using: 
–– Ar+18%CO2 mixture, preheating to a temper-

ature of 120°C and maintaining an interpass 
temperature of 170°C,

–– Ar+2%O2 mixture, preheating to a temper-
ature of 120°C and maintaining an interpass 
temperature of 170°C.

The dimensions of the specimen used in the 
impact strength tests were 7.5 mm × 10 mm × 
55 mm (in accordance with PN-EN ISO 9016 

2021). The averaged impact strength test results 
(based on five measurements) are presented in 
Table 7.

The analysis of the data contained in Table 6 
revealed that the satisfaction of the criterion of 
the fourth toughness class (assuming that im-
pact energy at a temperature of -40°C should 
amount to a minimum of 47 J) was satisfied 
with a significant margin. The impact strength 
tests revealed that the use of the Ar+18% CO2 
shielding gas mixture enabled the obtainment 
of more favourable results than those obtaina-
ble using the Ar+2% O2 mixture.

Summary
In spite of being difficult to weld, steels from 
the DOCOL group are becoming increasingly 
popular in civil engineering and in the produc-
tion of means of transport. The tensile strength 
of the above-named steels is significantly high-
er than that of the welded joint. A significant 
welding-related problem is the obtainment of 
plastic properties of joints made steel DOCOL 
1200M comparable with those of the base mate-
rial. The article discusses the adjustment of pa-
rameters enabling the welding of thick-walled 
structures made of steel DOCOL 1200M and 
the obtainment of proper and repeatable joints 
characterised by elongation comparable with 
that of the base material (6%). The macroscop-
ic tests of the joints did not reveal the pres-
ence of welding imperfections. In addition, 
the joints were characterised by high tough-
ness. The tests also revealed that the obtainment 
of proper joints in 8 mm thick plates made of 
steel DOCOL 1200M required preheating up 
to a temperature of 120°C and maintaining 

Table 7. Impact energy [individual study]

Shielding gas KV, J
(at -40°C) Fracture

Ar+18%CO₂ 
mixture 77 mixed:

plastic-brittle
Ar+2%O₂ 
mixture 68 mixed:

plastic-brittle
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interpass temperature not exceeding 170°C. The 
tests were also focused on the effect of various 
shielding gases (mixtures). The tests revealed 
that carbon dioxide is useless in the MAG weld-
ing of an 8 mm thick moving platform structure, 
yet it can be successfully applied when welding 
thin-walled (particularly 2 mm and 3 mm thick) 
structural elements made of the same steels. 
The use of the Ar+2% O2 shielding gas mix-
ture makes it possible to obtain slightly higher 
joint strength. In turn, the use of the Ar+18% 
CO2 mixture leads to the obtainment of more 
favourable plastic properties, demonstrated by 
a relative elongation of 6.4%. The structural 
analysis revealed that the dual-phase structure 
was dominated by martensite. The presence of 
the second (ferritic) phase was responsible for 
plastic properties. The impact strength tests 
revealed that the use of Ar+18%CO2 mixture 
enabled the obtainment of higher toughness, 
leading to the conclusion that the welding of 
thick-walled structures made of steel DOCOL 
1200M should be shielded by the gas mixture 
of argon with carbon dioxide.

Acknowledgements 
The article is connected with the implementa-
tion of project COST, CA 18223.

References
[1]	Jaewson L., Kamran A., Jwo P.: Modeling 

of failure mode of laser welds in lap-shear 
specimens of HSLA steel sheets. Engineer-
ing Fracture Mechanics, 2011, vol. 1, pp. 
347–396.

[2]	 Darabi J., Ekula K.: Development of a 
chip-integrated micro cooling device. Mi-
croelectronics Journal, 2016, vol. 34, no. 
11, pp. 1067–1074, https://doi.org/10.1016/j.
mejo.2003.09.010.

[3]	 Hadryś D.: Impact load of welds after mi-
cro-jet cooling. Archives of Metallurgy and 
Materials, 2015, vol. 60, no. 4, r. 2525–2528, 
https://doi.org/10.1515/amm-2015-0409.

[4]	 Muszyński T., Mikielewicz D.: Structural 

optimization of microjet array cool-
ing system. Applied Thermal Engineer-
ing, 2017, vol. 123, pp. 103–110, https://doi.
org/10.1016/j.applthermaleng.2017.05.082.

[5]	 Celin R., Burja J.: Effect of cooling rates 
on the weld heat affected zone coarse grain 
microstructure. Metallurgical and Mate-
rials Engineering, 2018, vol. 24, no. 1, pp. 
37–44.

[6]	 Golański D., T. Chmielewski T., Skow-
rońska B., Rochalski D.: Współczesne 
zastosowanie spawania mikroplazmowe-
go. Biuletyn Instytutu Spawalnictwa, 2018, 
vol. 62, no. 5, pp. 53–63, http://dx.doi.
org/10.17729/ebis.2018.5/5.

[7]	 Skowrońska B., Szulc J., Chmielewski T., 
Golański D.: Wybrane właściwości złączy 
spawanych stali S700 MC wykonanych 
metodą hybrydową plazma + MAG. Weld-
ing Technology Review, 2017, vol. 89(10), 
pp. 104–111. http://dx.doi.org/10.26628/
ps.v89i10.825.

[8]	 Silva A., Szczucka-Lasota B., Węgrzyn T., 
Jurek A.: MAG welding of S700MC steel 
used in transport means with the opera-
tion of low arc welding method. Welding 
Technology Review, 2019, vol. 91, no. 3, pp. 
23–30.

[9]	 Jaeschke B., Węglowski M., Chmielewski 
T.: Current State and Development Op-
portunities of Dynamic Power Source for 
GMA Welding Processes. Journal of Man-
ufacturing Technologies, 2017, vol. 42, no. 1, 
pp. 23–30.

[10]	Ferenc K., Cegielski P., Chmielewski T.: 
Technika spawalnicza w praktyce: Porad-
nik inżyniera konstruktora i technologa, 
1st ed.; Publisher: Verlag Dashofer, Warsza-
wa, Poland, 2015.

[11]	Krupicz B., Tarasiuk W., Barsukov V.G., 
Sviridenok A.I.: Experimental Evaluation 
of the Influence of Mechanical Proper-
ties of Contacting Materials on Gas Abra-
sive Wear of Steels in Sandblasting Systems. 
Journal of Friction and Wear; 2020, vol. 41, 

http://bulletin.is.gliwice.pl/
http://creativecommons.org/licenses/by-nc/3.0/


BIULETYN INSTYTUTU SPAWALNICTWANo. 4/2020 71

no. 1, pp. 1–5.
[12]	Hadryś D., Węgrzyn T., Piwnik J., Stan-

ik Z., Tarasiuk W.: (2016) The use of com-
pressed air for micro-jet cooling after 
MIG welding. Archives of Metallurgy and 

Materials, vol. 61, no. 3, pp. 1059–1061.
[13]	https://www.yumpu.com/en/docol (ac-

cess date: 24.07.2020)
[14]	https://www.thyssenkrupp-steel.com/en/ 

(access date: 24.07.2020)

http://creativecommons.org/licenses/by-nc/3.0/
http://bulletin.is.gliwice.pl/

