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Abstract: At present, various types of steel grades are used in the production of welded structures and assemblies, resp. combinations of 
ferrous and non-ferrous metals. In these mutual combinations, it is necessary to know the specifics of weldability of both materials, to choose 
a suitable welding technology and a suitable filler material. In the experimental part, the quality of heterogeneous welded joints was verified 
by the GMAW method. A protective gas atmosphere of 82% Ar + 18% CO2 was used for welding (M21 - ISO 14175: 2008). The possibilities 
of welding and mutual combinations of austenitic stainless steel with structural non-alloy steel, structural alloyed high-strength steel with 
structural non-alloy steel were assessed. The quality of welds was evaluated using non-destructive and destructive tests in terms of 
standards: visual test STN EN ISO 17637, capillary penetration test STN EN ISO 22476-12, internal errors were evaluated using radiation 
tests STN EN ISO 17636-1. The destructive tests used the tensile test STN EN ISO 6892-1, the weld fracture test STN EN ISO 5173 and the 
Vickers hardness test STN EN ISO 6507-1, the bending impact test STN EN ISO 9016 and the metallographic analysis according to STN EN 
ISO 17639. 
KEYWORDS: GMAW METHOD, NON - DESTRUCTIVE TESTING, MECHANICAL PROPERTIES, QUALITY OF JOINTS 

1. Introduction

GMAW (MIG / MAG) stands for Gas Metal Arc Welding, 
which in turn means arc welding with a melting electrode in a 

protective atmosphere. It is a welding process in which the heat of 

an electric arc, which burns between the additive and the base 
material, creates a mutual connection of the materials. The principle 

of operation is that the current is supplied to the electrode by means 
of a contact nozzle, i.e. a tip in the torch, which is connected to the 

positive pole of the current source. The electrode in the form of a 
wire, which is wound on a coil, is moved by a certain displacement 

to the place of the weld by a constantspeed in a mechanized way by 

means of pulleys[1]. Subsequently, the electrode melts at the point 
of arc and the metal from the filler material is transferred to the 

weld pool. The weld is brought about by a protective atmosphere 
that protects the weld pool from the adverse effects of the 

surrounding atmosphere. The advantages of this method lie in high 
productivity compared to other welding methods. This method is 

suitable for automation and robotization of welding work and its 
scheme is shown in Fig.1 [2-4]. 

Fig. 1.Scheme of GMAW (MIG / MAG) welding technology 

MIG / MAG technology is commonly used to join steels of 
different grades. However, during welding, the characteristic 

properties of welding must be taken into account, in particular the 
large depth of melting of the welded materials. When applying this 

technology, there is a large mixing of materials in the weld metal. 

As a result, an undesirable chemical composition of the weld metal 
may occur. For this reason, GMAW (MIG / MAG) welding uses 

variants that reduce the depth of the weld. For example, short arc 
welding or pulse welding is used [5-7]. 

The subsequent welding procedure must be chosen so that the 
arc does not directly melt the weld surface, so that it is always 

oriented correctly to the prefabricated weld bead. It is also 

convenient to use filler materials that have a lower melting point 

than the bonded base materials. These conditions can be provided in 
particular with different combinations of metallic materials which 

are mutually soluble or are capable of forming solid solutions in a 

relatively wide range of mutual concentrations, e.g. in welding Cu 
and Ni, Cu with single-phase Cu alloys, Al with Al single-phase 

alloys and the like [8-13]. 

The additive material is selected on the basis of a common 
chemical composition than the base material, which has a lower 

melting point. When welding metals with low mutual solubility by 
GMAW technology (MIG / MAG), e.g. steels with Cu or Cu alloys, 

the best solution is to use the so-called metal interlayers which are 
deposited on one or both welded surfaces. Such formed metal 

intermediate layers must be of sufficient thickness in order to 

prevent direct melting of the individual base materials. In Cu 
welding, such interlayers with a higher Ni or nickel content of high-

alloy nickel or copper alloys are often used. By using such 
interlayers, various other metallurgical problems are often solved, 

such as e.g. problem with Cu leakage into steel.[14-16] 
The primary elements in the protective atmospheres used in 

GMAW (MIG / MAG) technology are Ar and CO2. Other 

secondary elements in multicomponent argon-based protective 
atmospheres are elements such as He and O2. Technical argon is 

produced from air. Argon is divided on the basis of its purity, 
namely argon 4.6 (Ar 99.996%), argon 4.8 (Ar99.998%) or argon 

5.0 (Ar 99.999%). However, in MIG / MAG welding, pure argon is 
rarely used. Nevertheless, it is a component of many mixed gases 

used in GMAW (MIG / MAG) welding in a wide range [17]. 
Carbon dioxide is most often used in GMAW (MIG / MAG) 

welding. It is used either alone as a shielding gas or as one of the 

main components of numerous mixed gases formed mainly in 
combination with argon. Carbon dioxide as a one-component 

shielding gas can only be used for short-circuit MAG welding of 
non-alloy and low-alloy steels. However, its advantage is the low 

price [18-19]. 
As additional materials in GMAW technology (MIG / MAG) 

are used solid wire electrodes or so-called tubular electrodes which 

have a similar chemical composition to the base material have 
suitable welding properties. Both types of electrodes are supplied 

wound on steel or plastic coils and are packed in suitable protective 
packaging that prevents deterioration against moisture or improper 

handling [20]. 
The aim of the contribution is to evaluate the quality of welded 

joints of various qualities on selected basic materials, additional 
materials and shielding gases. The quality of individual welds will 

be evaluated using non-destructive and destructive tests. 

2. Materials and methods
For the purposes of the experiments, 3 combinations of

materials were chosen. The experiments were performed in a 

combination of structural steel, austenitic stainless steel and 
nickel alloy.The chemical composition of the individual 

materials in the following subchapter come directly from the 
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material sheets. The individual materials used for the 
experiment are in Table 3 and the combinations of materials are 

shown in Table 3. 4. 

Table 1.Used materials 

 Materials used in experiment 

A X2CrNiMo 17-12-2 (1.4404) -austenitic stainless 

steel, EN 10028 - 7 

B S355J2W- structural non-alloy steel, EN 10025-1 

C NiMo16Cr15W (2.4819) - nickel alloy, DIN 

17744 09/2002 

D S235JR + N - structural non-alloy steel, EN 

10025 - 2 

E S690QL1 - structural alloy steel, EN 10025 - 2 

F S355J2 + N - structural non-alloy steel, EN 
10025 - 2 

Table 2.Combinations of individual materials during welding 

Number Combination of used 
materials 

1. A - B 

2. C - D 

3. E - F 

Table 3.Chemical composition of X2CrNiMo 17-12-2, EN 

10028 - 7 (% wt) 

C Si Mn Ni Cr Mo N S P 

0.024 0.45 1.28 10.04 16.63 2.02 0.032 0.004 0.036 

Table 4.Mechanical properties of material X2CrNiMo 17-12-2, 

EN 10028 – 7 

 Yeld 
strength 

0.2% 

Limit of 
strength 

A 

Measured 
values 

357 MPa 582 MPa 55% 

Table 5.Chemical composition of material S355J2W, EN 10025 

- 1 (% wt) 

C Si Mn P S Al Cu Cr Ni 

0.073 0.4 1 0.009 0.009 0.031 0.293 0.51 0.17 

Table 6.Mechanical properties of material S355J2W, EN 10025 

- 1 

 Yeld 
strength 

0.2% 

Limit of 
strength 

A 

Measured 
values 

401 MPa 508 MPa 29% 

Table 7.Chemical composition of NiMo16Cr15W, DIN 17744 

09/2002 (% wt) 

C Si Mn Cr Mo S P Fe Cu 

0.002 0.03 0.40 16.18 15.44 0.002 0.04 5.52 0.05 

Table 8.Mechanical properties of NiMo16Cr15W material, DIN 

17744 09/2002 

 Yeld 
strength 

0.2% 

Limit of 
strength 

A 

Measured 
values 

360 MPa 741 MPa 68% 

Table 9.Chemical composition of material S235JR + N, EN 

10025 - 2 (% wt) 

C Si M

n 

Ni Cr Mo S P Cu 

0.14 0.19 0.64 0.01 0.03 0.005 0.004 0.02 0.02 

Table 10.Mechanical properties of material S235JR + N, EN 

10025 – 2 

 Yeld 

strength 
0.2% 

Limit of 

strength 

A 

Measured 
values 

337 MPa 452 MPa 33% 

Table 11.Chemical composition of material S355J2 + N, EN 

10025 - 2 (% wt) 

C Si Mn Ni Cr Mo S P Cu 

0.17 0.2 1.53 0.01 0.02 0.001 0.008 0.009 0.01 

Table 12.Mechanical properties of materialS355J2 + N, EN 

10025 - 2 (% wt) 

 Yeld 

strength 

0.2% 

Limit of 

strength 

A 

Measured 

values 

382 MPa 518 MPa 28% 

Table 13.Chemical composition of material S690QL1, EN 

10025 - 2 (% wt) 

C Si Mn Ni Cr Mo Al P Cu 

0.159 0.3 0.99 0.19 0.6 0.192 0.04 0.011 0.0013 

Table 14.Mechanical properties of material S690QL1, EN 

10025 – 2 

 Yeld 
strength 

0.2% 

Limit of 
strength 

A 

Measured 

values 

690 MPa 770 MPa 14% 

Additive material and shielding gas used for the 
combination of materials (1), X2CrNiMo 17-12-2 EN 10028 
and S355J2W EN 10025 

For the given case of welding austenitic stainless steel 
X2CrNiMo 17-12-2 EN 10028 and structural steel S355J2W 

EN 10025, an additional material with the designation E309LT0 
- 1 was chosen.(C1) on the basis of standard EN13479 with the 

trade name Shield - Bright 309L X - tra with a diameter of 1.2 

mm according to standard EN ISO 17633 - A from ESAB. It is 
an additional material with a rutile filling intended primarily for 

welding steels with a chromium content of 22-25% or 10-14% 
nickel. It is also suitable for welding difficult-to-weld ferritic-

martensitic stainless steels and for forming undercoat layers 
during welding of clad steels. The chemical composition of the 

additive material is shown in Table 17 and its mechanical 
properties are shown in Table 18. A mixture of gases M21 ISO 

INTERNATIONAL SCIENTIFIC JOURNAL "MACHINES. TECHNOLOGIES. MATERIALS" WEB ISSN 1314-507X; PRINT ISSN 1313-0226

160 YEAR XVI, ISSUE 5 , P.P. 159-164 (2022)



14 175 18% CO2 + 82% Ar was chosen as the protective 
atmosphere. 

Table 15.Chemical composition of additive E309LT0 - 1 (C1) 

EN ISO 17633 - A 
 C Si Mn P S Cr Ni Fe 

Volume% 0.032 0.66 1.46 0.021 0.004 24.5 12.8 residue 

Table 16.Mechanical properties of additive material E309LT0 - 

1 (C1) EN ISO 17633 – A 

 Yeld strength 

0.2% 

Limit of strength A 

Measured 

values 

410 MPa 546 MPa 38% 

Additional material and shielding gas used for the 
combination of materials (2), NiMo16Cr15W, DIN 17744 

09/2002 - 7 and S235JR + N EN 10025 – 2 

For the given case of welding of nickel alloy NiMo16Cr15W, 
DIN 17744 09/2002 and structural steel S235JR + N EN 10025 

- 2, THERMANIT NIMO C24 was chosen as additional 
material on the basis of standard STN EN ISO 18274 with a 

diameter of 1.2 mm. It is a solid wire. This filler material is 
suitable due to the high nickel content for welding nickel-based 

alloys but also its combinations with structural steel. It has 

excellent resistance to corrosion and oxidizing environments. 
The chemical composition of the additive material is shown in 

Table 19 and its mechanical properties are shown in Table 20. 
Inoxline HE30H2C was chosen as the shielding gas on the basis 

of the STN EN ISO 14175 standard. This shielding gas is 
composed of 68.8% argon, 30% helium, 2% hydrogen and 

0.12% carbon dioxide. 

Table 17.Chemical composition of the additive marked 

THERMANIT NIMO C24 EN ISO 18274 

 C Si Mn P Fe Cr Mo Ni 

Volume% 0.01 0.1 0.2 0.005 0.3 23 16.1 residue 

Table 18.Mechanical properties of the additional material with 

the designation THERMANIT NIMO C24 EN ISO 18274 

 Yeld 

strength 
0.2% 

Limit of 

strength 

A 

Measured 
values 

420 MPa 700 MPa 40% 

Additional material and shielding gas used for the 
combination of materials (3), S355J2 + N EN 10025 - 2 and 

S690QL1 EN 10025 – 2 
For the given case of welding the combination S355J2 + N EN 

10025 - 2 and S690QL1 EN 10025 - 2, an additional material 
with the designation OK ARISTOROD 55 with a diameter of 

1.2 mm was used on the basis of the standard EN ISO 16834 - 
A. It is a solid non-copper alloy wire. It is used for welding 

high-strength steels. The chemical composition of the additive 
material is shown in tab. 21 and its mechanical properties are 

shown in tab. 22. The M21 Arc 18 gas with an argon content of 

82% and a carbon dioxide content of 18% was chosen as the 
shielding gas on the basis of EN ISO 14175.  

Table 19.Chemical composition of the additive marked OK 

ARISTOROD 55 EN ISO 16834 - A 

 C Si Mn P S Cr Ni Fe 

Volume% 0.12 0.71 1.38 0.013 0.005 0.58 0.53 residue 

Table 20.Mechanical properties of the additional material 

marked OK ARISTOROD 55 EN ISO 16834– A 

 Yeld 
strength 

0.2% 

Limit of 
strength 

A 

Measured 
values 

690 MPa 770 MPa 20% 

 
Designation of evaluated samples 

Individual test specimens made of different combinations of 
materials carry their markings so that the individual specimens 

cannot be confused throughout the process. The designation of 
the samples is shown in tab. 23.  

 
Table 24.Identification of individual test specimens 

Combination of used 

materials 

Designation of evaluated 

samples 

A-B ST 5 

C-D CO 011 

E-F RS 29 

 

 
Fig. 4.Sample of material combination A -B (1) 

 

  
Fig. 5.Sample of material 

combination C -D (2) 

Fig. 6.Sample of material 

combination E - F (3) 

 
Testing methodology 

 Visual examination according to STN EN ISO 17 637 

 Capillary (penetration) test according to STN EN ISO 

22476 – 12 

 Radiation test method according to STN EN ISO 

17636 – 1 

 Tensile test according to STN EN ISO 6892 – 1 

 Test of fracture of welds of metallic materials 

according to STN EN ISO 5173 

 Vickers hardness test according to STN EN ISO 6507 

– 1 

 Bending impact test according to STN EN ISO 9016 
        Metallographic test according to STN EN ISO 17639 
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3. Results 

Visual tests according to STN EN ISO 17 637 
 
Table 25. Visual test report on test specimen marked ST 5 

Object Butt weld Dimensions 

of specimen 

t=12mm 

Identification 

of speciment 

ST5 Surface 

quality 

Mechanical 

Material 1.2+8.1 
CR ISO 

15608 

Heat 
treatment 

- 

Type of 

welding 

136/PA Dimensions 

of weld 

- 

Done by 

code 

STN EN 

ISO 

6520- 1 

Range of 

testing 

100% weld 

surface 

15mm 
surroundings 

Evaluated by STN EN 
ISO 5817 

Lighting 520 lx 

According to Visual test report sample was admissable.  

Table 26.Visual test report of the CO 011 test specimen 

Object Filet weld Dimensions 

of 
specimen 

T1=30mm 

T2=6mm 

Identification 
of speciment 

CO 011 Surface 
quality 

Mechanical 

Material 1.1+43 CR 
ISO 15608 

Heat 
treatment 

- 

Type of 

welding 

136/PB Dimensions 

of weld 

A= 4mm 

Done by 

code 

STN EN 

ISO 
17637:2011 

Range of 

testing 

100% weld 

surface 
15mm 

surroundings 

Evaluated by STN EN 
ISO 5817 

Lighting 550 lx 

According to Visual test report sample was admissable.  

Table 27. Visual test report of the test sample marked 

RS29 

Object Filet weld Dimensions 

of 

specimen 

T1=30mm + 

20mm 

Identification 

of speciment 

RS 29 Surface 

quality 

Mechanical 

Material S355+S690 Heat 

treatment 

- 

Type of 
welding 

135 Dimensions 
of weld 

12FW a=9, 
penetration 

1.5 

Done by 

code 

STN EN 

ISO 
17637:2011 

Range of 

testing 

100% weld 

surface 
15mm 

surroundings 

Evaluated by STN EN 
ISO 5817 

Lighting 520 lx 

 

 According to Visual test report sample was admissable.  

Capillary (penetration) tests according to STN EN 
ISO 22476 – 12 

Table 28. Penetration test report of the test specimen 

marked ST 5 

Test 

specifications 

EN ISO 

3452-1 

EN 23277 

level 1 

 

Object Butt weld Identification 

number 

 

ST5 

Material 1.2+8.1 
CR ISO 

15608 

Drawing - 

State of 

treatment 

- State of test 

surface 

Clean, 

brush 
down 

Dimensions 

of specimen 

 T=12mm  

Extent of 

testing 

100% Penetrant 

system 

II Cd 

Manufacturer Hellig Penetrant Kontrastor 

88 

Cleaner Reiniger 
87 

Developer Entwickler 
89 

Inspection 
temperature 

25°C Penetration 
time 

15 min 

Developing 
time 

15 min Deviations 
from test 

specifications 

none 

According to capillary tests no defects on sample ST5 
were found. 

  
Table 29. Penetration test report of the test sample 

marked CO 011 

Test 

specifications 

EN ISO 

3452-1 

EN 23277 

level 1 

 

Object Butt weld Identification 

number 

CO 011 

Material 1.1+43 CR 

ISO 15608 

Drawing - 

State of 

treatment 

- State of test 

surface 

Clean, brush 

down 

Dimensions 
of specimen 

 T1=30mm 
T2=6mm 

 

Extent of 
testing 

100% Penetrant 
system 

II Cd 

Manufacturer Diffu-

Therm 

Penetrant BDR 

Ch.NR.2116 

Cleaner BRE 

Ch.NR.2219 

Developer BDR 

Ch.NR.2319 

Inspection 

temperature 

25°C Penetration 

time 

15 min 

Developing 

time 

15 min Deviations 

from test 

specifications 

none 

According to capillary tests no defects on sample CO 

011 were found. 

 
Table 30. Penetration test report of test sample RS29 

Test 

specifications 

EN ISO 

3452-1 

EN 23277 

level 1 

 

Object Butt weld Identification 
number 

RS29 

Material S355+S690 Drawing - 

State of 

treatment 

- State of test 

surface 

Clean, 

brush 
down 

Dimensions 

of specimen 

 12FW a=9, 

penetration 
1.5 

 

Extent of 
testing 

100% Penetrant 
system 

II Cd 
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Manufacturer Diffu-
Therm 

Penetrant Kontrastor 
88 

Cleaner Reiniger 
87 

Developer Entwickler 
89 

Inspection 

temperature 

25°C Penetration 

time 

15 min 

Developing 

time 

15 min Deviations 

from test 
specifications 

none 

According to capillary tests no defects on sample 
RS29 were found. 

 

RT radiation test according to STN EN ISO 17636 – 1 

 

Table 31. Radiation test report using RT test specimen 

marked ST5 

Material Description NDT plan 

S355J2+N - - 

Quality 
level 

Welding 
method 

Welding 
position 

Test 

according to 

Test 

according to 

Thickness 

EN/ISO 
17636 

EN ISO 
10675 

12/12mm 

Level class Category of 
test 

Procedure 
number 

2 B 002-1G 

Source of 

radation 

Focus SFD 

Ir192 3mm 400mm 

Settings Film 
sensitivity 

Foll 

100Ci-

3,7TBq 

AGFA 

Geavert D5 

Pb 0.030mm 

Film 
production 

number 

Developer Densitometr
y 

EACH 

4650022 

Automatic 

NDT-E 

MD12 

Exposition 
placement 

Negatoskop Scale 

Parametric Seifert ISO62W10 

 

According to radiation tests on sample ST5 results were 
satisfying. 

Metallographic tests according to STN EN ISO 17639 

 

Fig. 20. Metallographic test of the test specimen marked ST 5 

 

 

Fig. 21. Metallographic test of the test sample marked CO 011 

 

 

Fig. 22. Metallographic test of the test sample marked RS29 

4. Conclusion 

The main goal of the article was to point out the 
evaluation of the quality of welded joints made of 

different grades of steel using GMAW technology. The 

consumables used in the individual material combinations 
were selected from the catalog of welding consumables 

and were selected with regard to the chemical 
composition of the base materials. If the difference in the 

melting temperature of the two base materials is large, the 
additive material is adapted to the melting temperature of 

the base material whose melting point is lower. 

Furthermore, it is important that the additive material has 
sufficient ductility in order to overcome the thermal 
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expansion of the individual materials to be joined. 
Individual shielding gases were selected on the basis of 

recommendations from Messer Tatragas, spol. Ltd. For 
the first combination of materials X2CrNiMo 17-12-2 EN 

10028 and S355J2W EN 10025, it was chosen as a 
shielding gas with the designation M21 according to STN 

EN ISO 14175 because it is suitable for low-alloy and 

alloyed carbon steels, has excellent mechanical properties 
and is suitable for different sheet thicknesses. For the 

second combination of materials NiMo16Cr15W, DIN 
17744 09/2002 and S235JR + N EN 10025 - 2 it was 

chosen as a shielding gas with the designation Inoxline 
He30H2C according to STN EN ISO 14175 due to the 

fact thatthis mixed gas is suitable for welding alloys with 
a high nickel content, has very good welding metal flow 

properties and has a stable welding arc. For the last 

combination of materials S355J2 + N EN 10025 - 2 and 
S690QL1 EN 10025 - 2, the same shielding gas was 

chosen as for the first combination of materials. 
Non-destructive and destructive tests were 

subsequently performed for all three combinations of 
materials, on the basis of which the quality of the welded 

joint, the suitability of the combination of individual 

materials, the suitability of the choice of additional 
material and shielding gas were determined. Based on the 

results of non-destructive and destructive tests given in 
the protocols, it can be stated that all combinations of 

materials with selected additional materials and shielding 
gases meet the requirements, and the quality of the welded 

joint is satisfactory. 
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