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Plasma Welding of Thermo-Mechanically Processed Steel

Abstract: The article presents the course and results of tests involving the tech-
nological plasma welding of 3 mm thick butt joints made of steel S700MC using 
the melt-in welding technique and the key-hole welding technique. The tech-
nological tests made it possible to determine parameters enabling the obtain-
ment of joints representing quality level B in accordance with the PN-EN ISO 
5817:2014 standard. The tests discussed in the article included tensile tests, bend 
tests, hardness tests as well as macro and microscopic metallographic tests in-
volving the use of light microscopy. The test results were subjected to detailed 
analysis performed to identify the effect of high arc energy used in plasma weld-
ing on the structure and properties of the test joints. The test results revealed 
that the melt-in welding technique (characteristic of the TIG method) did not 
ensure the obtainment of minimum tensile strength.
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Introduction 
Recently, various industrial sectors have seen 
the growing use of high-strength steels, both 
as regards toughened steel grades and steels 
subjected to the thermo-mechanical control 
process (TMCP). The above-named steels are 
usually used in the shipbuilding industry, civil 
engineering, water-power engineering and nu-
clear power engineering, off-shore structures 
(oil rigs) as well as in the fabrication of pipe-
lines and the manufacturing of road-making 
equipment and machinery. The application of 
high-strength steels enables the fabrication of 
significantly lighter structures of smaller di-
mensions, yet without compromising appro-
priate strength-related properties. The aforesaid 
reduction of weight and dimensions has trans-
lated into lower costs of transport and welding 

(as the amount of filler metals and, consequent-
ly, time needed to make welded joints have de-
creased significantly) [1–3].

Modern heavy-industry sectors (construc-
tion of pipelines and production of building 
machinery) continuously attempt to increase 
production efficiency and decrease manufac-
turing costs (improving competitiveness) also 
in terms of structures made of high-strength 
steels [4–12]. The foregoing necessitates the 
search for solutions making it possible to speed 
up welding operations by increasing the weld-
ing rate or the thickness of layers (particularly 
of root runs). The analysis of available research 
publications has revealed that one of the meth-
ods enabling the achievement of the aforemen-
tioned goals could be the application of plasma 
welding processes.
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Tests discussed in this article aimed to iden-
tify the effect of high arc energy emitted during 
the (plasma) melt-in welding process and the 
keyhole welding process on the structure and 
mechanical properties of TMCP steel S700MC 
as well as the development of a welding technol-
ogy enabling the making of butt welded joints 
characterised by appropriate tensile strength 
and plasticity.    

Test rig, materials and testing 
methodology 
The technological tests of the plasma weld-
ing process involving high-performance MAG 
methods were carried out using a MultiSur-
facer D2 Weld automated test rig (Welding 
Alloys) provided with a microprocessor con-
trol system enabling the setting of a required 
welding rate as well as the repeatable position-
ing of the welding torch fixed in the set of test 
rig supports. Plasma welding tests were per-
formed using a Eutronic GAP 3001 welding 
machine (Castolin) equipped with a plasma 
arc power supply along with a control sys-
tem, a gas console, a cooling unit and a ma-
chine welding torch. The plasma welding of 
butt joints was performed without the use of a 
filler metal. The tests involved the use of struc-
tural TMCP steel S700MC in accordance with 
PN-EN 10149-2:2014. The chemical compo-
sition of the test steel is presented in Table 1, 
whereas the mechanical properties of the steel 
are presented in Table 2.

The technological tests first involved the plas-
ma welding of 3 mm thick sheets made of high-
strength steel S700MC (100×200 mm). Test 
elements were cut out of a sheet (using laser, 
cleaned with a rotating brush, degreased and 
mounted in fixtures ensuring the repeatable po-
sitioning of the test elements in relation to the 
welding torch and preventing the deformation 
of the joint during welding. The technological 
tests involved the welding of joints subjected to 
square butt weld preparation without the gap 
and made in the flat position (PA) using vari-
ous process parameters of the melt-in and key-
hole welding processes. The welding processes 
did not involve the use of a backing strip as it 
would impede the making of joints using the 
key-hole technique. The primary technologi-
cal parameters, modified during the tests and 
having the greatest impact on the welding pro-
cess and the quality of joints were the following:
 – welding current restricted within the range 

of 150 A to 200 A,
 – welding rate restricted within the range of 35 

cm/min to 60 cm/min,
 – plasma gas flow rate restricted within the 
range of 1.5 l/min to 2.2 l/min,

 – shielding gas flow rate restricted within the 
range of 10 l/min to 15 l/min.

The following stage involved visual tests of all 
joints and the determination of parameters 
used to make 400 mm long joints. Afterwards, 
the joints were sampled for specimens used 
in the macro and microscopic metallographic 

Table 1. Chemical composition of steel S700MC in accordance with PN-EN 10149-2:2014

Steel 
grade

Chemical element  content, % by weight
C 

max
Si 

max
Mn 
max

P 
max

S 
max

Mo 
max

B 
max

Ti 
max

V 
max

Al 
min

Nb 
max

CEV 
%

S700MC 0.12 0.60 2.10 0.025 0.15 0.50 0.005 0.22 0.20 0.15 0.09 ≤ 0.61

Table 2. Mechanical properties of steel S700MC

Steel grade
Yield point Tensile strength Impact energy

ReH, MPa
min

Rm, MPa
min – max

T = -20°C
J

T = -40°C
J

S700MC 700 750 – 950 40 27
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tests, tensile tests, bend tests and hardness 
measurements.

Test results
The technological tests of the melt-in weld-
ing process revealed that the scope of parame-
ters enabling the making of joints representing 
quality level B was very narrow. It was also no-
ticed that the most important parameters, crit-
ical for the quality of joints, included plasma 
welding current and the welding rate. The weld-
ing tests enable the identification of the most 
favourable parameters and the making of joints 
used in further tests. Figure 1 presents the var-
ious views and the macrostructure of the joint 
made using the melt-in welding technique.

The application of lower current (< 170 A) 
or higher welding rate (> 40 cm/min) resulted 
in the lack of penetration or excess weld face 
penetration. In turn, the application of higher 
current (> 170A) led to burn-through or, when 
combined with an increased welding rate, to 
the formation of undercuts.

The technological tests of the keyhole weld-
ing process revealed that the making of joints 
representing quality level B in accordance PN-
EN ISO 5817 required the meticulous prepa-
ration of elements before welding (precise 

mechanical treatment and careful degreasing) 
as well as the very precise fixing of elements 
(in the fixtures) and their positioning in rela-
tion to the welding torch. In addition, similar to 
the melt-in welding process, the range of key-
hole welding parameters enabling the making 
of proper joints was narrow. Apart from weld-
ing current and the travel rate, it was also nec-
essary to appropriately adjust the flow rate of 
plasma gas. An excessively high flow rate of 
plasma gas could preclude the closing of the 
gasodynamic channel. As a result, instead of be-
ing formed, the weld material would be melted 
and blown outside the gap. In turn, an overly 
low flow rate of plasma gas could preclude the 
formation of the channel and, consequently, 
result in the lack of penetration. Figure 2 pre-
sents the view of the joint from the weld face 
and weld root side as well as the macrostruc-
ture of the joint made using the key-hole weld-
ing technique. 

The macroscopic metallographic tests re-
vealed that, when using the key-hole tech-
nique, the width of the HAZ and that of the 
weld were narrower than those obtained when 
using the melt-in technique. In addition, it was 
more difficult and laborious to prepare work-
pieces and adjust parameters enabling the ob-
tainment of joints characterised by good quality, 

Fig. 1. Joint made of steel S700MC obtained using the 
melt-in welding technique: a) view from the weld face 

side, b) view from the weld root side and c) macrostruc-
ture; current: 170 A, welding rate: 40 cm/min and the flow 

rate of plasma gas: 1.5 l/min

Fig. 2. Joint made of steel S700MC obtained using the 
key-hole welding technique: a) view from the weld face 
side, b) view from the weld root side and c) macrostruc-

ture; current: 200 A, welding rate: 65 cm/min and the flow 
rate of plasma gas: 1.7 l/min
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i.e. satisfying the requirements of quality level 
B. Afterwards, the test joints were sampled for 
specimens subjected to tensile tests, bend tests, 
hardness measurements and microscopic met-
allographic tests.

The tests of mechanical properties (5 speci-
mens in relation to both plasma welding var-
iants) revealed that the tensile strength of the 
joints obtained using the melt-in technique 
(arithmetic average based on 5 results – 735.5 
MPa) did not satisfy the requirements con-
cerning the minimum value (presented in the 
PN-EN 10149-2:2014 standard (750 MPa)). The 
above-named test results were by approximate-
ly 40 MPa lower than those obtained using the 
key-hole technique (arithmetic average based 
on 5 results – 773.8 MPa), which could be as-
cribed to a greater heat input during the weld-
ing process and resultant weld structure. The 
bend tests produced a positive result, i.e. the ob-
tainment of a bend angle of 180° when using a 
bending mandrel having a diameter of 20 mm.  

Hardness measurements were performed in 
one line in the base material (points 1–3 and 
13–15 in accordance with Table 3), in the HAZ 
(points 4–6 and 10–12) as well as in the weld 
(points 7–9). Table 3 presents the arrangement of 

measurement points and results of Vickers hard-
ness tests (performed under a load of 98.1 N).

The hardness test results revealed, in rela-
tion to each specimen, the satisfaction of the 
criterion concerning the maximum permissi-
ble value (380 HV10). As regards steel S700MC, 
the hardness in the HAZ and that in the weld 
were comparable (restricted within the range of 
227 HV10 to 242 HV10), yet they were signifi-
cantly lower that the hardness of the base ma-
terial (restricted within the range of 276 HV10 
to 284 HV10). The joints (in the HAZ in the 
weld) made using the key-hole welding tech-
nique were characterised by slightly higher val-
ue. The foregoing could imply that an excessive 
heat input (lower welding rate) accompanying 
the melt-in welding process could be responsi-
ble for the change of the structure (annealing) 
and grain growth.

The microscopic tests were performed in re-
lation to all of the welded joints made within 
the study. Figure 3 presents the microstructure 
of the joints made of steel S700MC using the 
melt-in technique. Figure 4 presents the micro-
structure of the joints made of steel S700MC 
using the key-hole welding technique.

Table 3. Hardness test results concerning the plasma-welded butt joints

Sp
ec

im
en

 n
o.

M
ea

su
re

m
en

t l
in

e Hardness HV10 in measurement point

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

1 A 277 277 276 227 227 236 228 234 234 228 234 233 284 285 284
2 A 283 280 281 241 238 241 232 239 234 235 238 242 280 283 278

Arrangement of measurement points

Numbers and designations of specimens:
1 – steel S700MC, thickness 3 mm, melt-in welding technique 
2 – steel S700MC, thickness 3 mm, keyhole welding 
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Fig. 3. Microstructure of the plasma welded butt joint made of steel S700MC using the melt-in technique: a) and b) – 
HAZ and c) and d) – weld

Fig. 4. Microstructure of the plasma welded butt joint made of steel S700MC using the keyhole technique: a) and b) – 
HAZ and c) and d) – weld 
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The microscopic metallographic tests re-
vealed the recrystallization-triggered loss of 
grain banding. The structure of the steel was 
ferritic-bainitic. It was also possible to observe 
the increased content of ferrite in the HAZ in 
comparison with that observed in the base ma-
terial. The zone was not characterised by sig-
nificant grain growth. The foregoing could be 
attributed to the presence of Nb and Ti addi-
tions preventing the grain growth. As a result, 
the heat-input triggered hardening effect was 
not entirely eliminated. The HAZ, as a result of 
being exposed to high temperature, contained 
significantly more carbide precipitates than in 
the base material. The coarse-grained weld met-
al structure was bainitic-ferritic. The grain size 
was visibly bigger in the joint welded using the 
keyhole technique than in the joint made us-
ing the melt-in welding method. As a result, the 
joint plasticity was not decreased, which was 
demonstrated by related bend test results. The 
weld of the joint made using the keyhole tech-
nique contained numerous fine precipitates of 
carbides, which could be reason for higher ten-
sile strength.

Summary 
The technological plasma welding tests followed 
by visual, penetrant and macroscopic metal-
lographic tests revealed that it was possible to 
determine welding conditions and parameters 
enabling the obtainment of joints representing 
quality level B. The melt-in welding technique 
enabled the making of joints having thickness-
es of up to 3 mm. In turn, the use of the keyhole 
method enabled the welding of sheets having 
thicknesses of 3 mm and more. The tests re-
vealed that the scope of parameters enabling 
the obtainment of proper joints was very nar-
row. The primary technological parameters de-
pendent on the thickness of a sheets, the length 
of a joint and a welding position included the 
value of (welding) current, the welding rate and 
the plasma gas flow rate. It should be noted that 
the use of the keyhole welding process made 

it possible to apply the run-off plate, thus en-
abling the formation and the stabilisation of 
the gasodynamic channel. Starting the weld-
ing process without the run-off plate frequently 
precluded the obtainment of proper joints (be-
cause of the lack of weld formation).  

The tensile tests revealed that the joints made 
using the melt-in technique failed to satisfy the 
requirements concerning the minimum val-
ue of tensile strength. In turn, the joints made 
using the keyhole welding technique satisfied 
the aforesaid requirements. The bend tests re-
vealed the proper plasticity of the joints, where-
as hardness measurements revealed that the 
joints satisfied the criterion  380 HV10. The 
microscopic metallographic tests revealed 
that the structures of all the areas were typi-
cal joints welding using arc methods. Only the 
weld structure was characterised by the great-
er grain size than that observed in welds made 
using different welding methods. The foregoing 
was the reason for decreased tensile strength 
in the joints made using the keyhole welding 
technique.  
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