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Abstract: Grooving or gouging is a process of thermal processing of metals or welded semi-finished
products. The gouging process is generally used to process the root of butt welds to remove possible
welding defects. The possibility to obtain and characterize the surfaces after manual and mechanized
plasma cutting in the field of bridges and viaducts from highways to construction sites in order to
increase the quality of butt-welded joints is analyzed in this article. In order to mechanize the process,
a linear universal displacement device for welding, cutting, or slitting that ensures the uniform
movement of the torch was designed and executed herein. As a result, with the help of this device
and the tests performed on a construction steel S355]2 after mechanized plasma cutting, the cut
samples obtained facilitated the analysis of the macrostructure and microstructure of the thermally
influenced zone and of the intermediate zone between the thermally influenced zone and the base
material as well as their hardness. By mechanizing the cutting process, the productivity and quality
of the surfaces obtained by this process has increased. The plasma gouging process is an ecological
process and by mechanizing it, the manufacturing cost can be reduced.

Keywords: plasma gouging process; welding; steel S355]2

1. Introduction

Gouging is a special process of metal removal by various methods such as mechanical
machining, electric arc machining, hot deformation, etc.

From a practical point of view, gouging is used to remove welding defects, casting
defects, chamfering of the welding surface, and in the case of butt welding of sheets, the
lower part of the weld is gouged in order to remove impenetrable areas and to prepare the
surface for welding [1-3]. With the increase in the sheet thickness, with the given plasma
current intensity, the depth of the gouged grooves decreases. This results in reduction of
the heat-affected zone and growth of its hardness, as presented in [4]. Currently in the
metal construction industry, there are a number of welding processes which, according to
the TWI (The Welding Institute) classification, can involve various technologies, which are
described in [4,5], among which are the following:

Electric arc welding: arc-air, with coated electrode, oxy-arc;
Gouging with concentrated energy: plasma, laser;
Thermal gouging: oxy-gas;

Mechanical grinding: polishing, machining;

Cold or hot plastic deformation gouging.

YYVYVYY

An increase in the plasma current intensity leads to an increase in the depth of gouging
as a result of higher processing temperature which also facilitates the carbon diffusion
processes and, consequently, causes an increase in the heat affected zone hardness and size,
as shown in [5].
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At the same time, an increase in the plasma current intensity and gouging depth
influences the growth of the melted zone and its structure. Thin melted zones (up to about
0.05 mm) consist of low carbon martensite with iron nitrides. This structure is formed as
result of quick cooling of decarburized nitrogen saturated layer of metal. Thicker melted
zones are characterized by laminar structure. In the outer layer, the structure of low carbon-
martensite with nitrides appears. In the inner layer, one can find bainite with higher carbon
content arising due to slower cooling of that layer, as presented in [6].

The heat-affected zones show structure gradually changing towards the material
depth. Starting from the boundary of the melted zone, the following structures occur:
martensite, martensite with bainite, and cooled pearlite with secretions of ferrite, as well
as ferrite with cooled pearlite. The depth of the heat-affected zone and the width of the
individual structural layers depend on the sheet thickness and the plasma current intensity,
as shown in [7].

Plasma gouging uses a plasma arc. The energy provided by the plasma arc allows for
the continuous melting of the material. By means of the force from the plasma arc, the melt
is expelled out of the zone. This represents a clean alternative to the air-arc gouging, as
plasma gouging is used to remove weld defects, or surface defects of construction steels,
as shown in [6,8]. Due to the fineness of the surface cut at the base of the weld, no further
processing is required. The heat input is low and practically it does not distort the piece.
The operator can easily observe what is happening during the gouging. The noise and
fumes that result during plasma welding are significantly less than air arc welding [9-11].

2. Experimental Data and Materials

Figure 1 presents the simplified diagram of a thermal plasma cutting equipment.

1

pPower source

Figure 1. Principle of thermal plasma gouging.

This is composed of the current source (the plasma generator), which in most cases
provides direct current; the electric arc is formed between the electrode (1), included in
a welding torch, and the base material (5). Due to the constructive form of the nozzle (2)
cooled with a cooling agent (3), a part of the column of the arc (4) undergoes a constraint
which is able to increase the temperature to the point where a plasma arc with high
temperature is obtained and at even supersonic speeds, as can be seen in [12-15].

Depending on the way in which the plasma arc is transferred between the electrode
and the base material, the following differences can be noted:

Non-transferred arc welding (plasma jet);

Transferred arc welding (plasma jet);

The welding torch is the same as the one used for plasma cutting, yet only the con-

sumables differ, and it can be either cooled with water or gas.

Figure 2 presents the diagram for the manual plasma gouging.
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Figure 2. Schematic diagram of manual plasma gouging.

The welding torch has in its composition the copper electrode (5), which has a hafnium
pellet at the end of the electrode, the constraint nozzle (4), which has the role of constraining
the plasma arc, the protection nozzle (3), which has the role of protecting the electrode from
the constraining nozzle against electro-magnetic disturbances, the shielding gas and the
plasma gas (6).

e  The pilot plasma arc is created between the electrode (5) and the nozzle (3), and if
the torch is brought closer to the workpiece (1) the pilot arc is extinguished and the
plasma arc is created (7). The torch tilts at an angle of 40-60° and points to the gouging
direction and moves at constant speed with the torch. The plasma arc (7) melts the
base material and the compressed air removes the molten material from the groove (2).
Behind the torch, the grooved channel (2) can be seen, which presents few asperities,
yet it is clean and smooth. The main parameters of the gouging process are the current
intensity, the cutting speed and the gas flow rate. These settings determine the size of
the groove and the rate of removal of the molten metal. The angle of inclination of the
torch has a major influence on the speed of movement, the profile of the groove and
the quality of the surface. A distance of 1.5 mm must be left between the torch and the
piece. Single-pass gouging can remove material up to a depth of 6 mm at a gouging
current of approximately 65 A.

Figure 3 presents the linear advance device, which is composed of a metal frame, made
of the square pipe (1), the linear advance device (2), the carriage (3), and two actuators (4);
the first is used for fine adjustment of the torch in the horizontal plane, the second is used
for fine adjustment of the torch height, i.e., in the vertical plane, and the control panel (5).
The metal frame has the role of supporting the whole assembly and has the possibility to
tilt the devices from the horizontal position to the vertical position. The emergency button
(6) is there to cut off the power to the device in case the trolley becomes stuck. The device is
supplied with 240 V voltage through the connector (7). With the help of the potentiometer
(8) the speed of the carriage can be modified.

The linear advance device provides rectilinear movement with adjustable constant
speed of the carriage. The two actuators are mounted on the carriage, which have the role
of fine adjustment of the cutting/gouging torch in relation to the piece to be gouged. The
gouging torch is clamped in the actuator which ensures the height of the torch relative to
the workpiece. The control panel has the role of turning on/off the power supply of the
motherboard and the DC motor, thus adjusting the moving speed of the carriage and its
moving direction.
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Figure 3. Linear advance device used for the mechanization of the plasma gouging process: (a) top
view, (b) front view, (c) side view.

Steel 53552

This steel is an unalloyed construction steel with a low carbon concentration, in
accordance to the Standard EN 10025-2/2024 [16-18]. Tables 1 and 2 present its chemical
composition and physical properties. This is the most used steel in the automotive industry
and in machine building. By plasma gouging, the bending or lamination of this steel is
improved, and thus it is recommended for welding.

Table 1. Chemical composition [EN 10025].

Mark

Mn Si P S Cu Ceq

5355]2

0.20

1.60 0.55 0.03 0.03 0.55 0.45

Table 2. Physical properties.

Tensile Strength Rm Drip Limit Rp0.2 . o
Mark [MPal [MPal Elongation [%]
5355]2 630 355 20

The gouging operation of this type of steel refers to the fixing of the samples on the
work table and on the adjustment of the intensity of the optimal gouging current in order
to obtain a superior quality for the gouging groove. In order to obtain the optimal current
intensity on a separate piece, the authors have performed various cuttings with different
current intensities, from 30 A, which is the minimum value, up to 45 A, which is the
maximum value that can be supplied by the plasma cutting/gouging device. Tables 3 and 4
provide details in regard to the plasma gouging operation.
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Table 3. Manual/mechanized plasma gouging operation technical data.

Gouging Current Compressed Air Compressed Air . o Gouging Speed
Mark [A] Flow Rate [L/min]  Pressure [MPa] ~ COUSMSAnSlell i)
5355]2 manual 45 160 0.5 ~45 ~1250
5355]2 mechanized 45 160 0.5 45 950
Table 4. The size of the plasma-gouged channel.
Mark Gouging Width [mm] Gouging Depth [mm] Gouging Length [mm]
S355]2 manual 2.2 2.3 50
S355]2 mechanized 24 25 50

The resulting optimal gouging parameters are the following:

The intensity of the gouging current is 40 A;
The compressed air pressure is 0.5 MPa;
The compressed air flow rate is 120 L/min;
The gouging speed is 1150 mm/min;

The gouging angle is 20-35°.

YVVYVYY

3. Results and Discussion

Figure 4 presents the samples obtained by mechanized plasma gouging, which can be
compared with [19]. Table 5 provides relevant details related to the samples in Figure 4.

Pl P2 P3 P4 P5 P6

Figure 4. Mechanized plasma gouging samples.

Table 5. Plasma gouging parameters with mechanized plasma drive.

Samples Gouging Gouging Gas Flow Gas Pressure Gs();f;;\g
Current [A] Angle [°] [L/min] [MPal] .

[mm/min]
P1 30 25 120 0.3 1150
P2 40 25 120 0.35 1150
P3 40 25 120 0.5 1150
P4 35 25 120 0.4 1150
P5 40 25 120 0.45 1150
P6 40 30 120 0.4 1150

The differences between manually and mechanized plasma-gouged pieces can be
observed in Figure 5. The manually gouged piece has asperities, the molten material or
the slag is stuck on one side of the gouged channel, and in the case of the mechanized
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gouged piece, the molten material is pushed to the end of the obtained channel. Figures 6-8
present the macrostructure and microstructure of the plasma-gouged piece, which can be
compared to [16].

(b)
Figure 5. The gouged piece (S355]2) with plasma: (a) manually, (b) mechanized.

(b)

Figure 6. The macrostructure of the gouged piece with plasma: (a) manually, (b) mechanized, 25x
magnification (500 um scale).

(b)

Figure 7. The microstructure of the gouged piece with plasma: (a) manually, (b) mechanized, 500 x
magnification (100 um scale).

In these areas, a decarburized zone can be observed, which appears due to the inclusion
of carbon in the molten material and with the help of the compressed air jet, it is removed
from the gouged channel. Below the decarburized zone, it presents a sorbitic structure, like
the one presented in [19].

The intermediate zone is between the gouged area and the base material area. In
Figure 8 it can be seen that in the upper part of the image there are small spherical grains
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and in the lower part there are large grains. Figure 9 presents the microstructure of the base
material zone of the plasma gauged piece, like the one presented in [16].

(b)

Figure 8. The microstructure of the gouged piece with plasma: (a) manually, (b) mechanized, 500 x
magnification (100 um scale).

(b)

Figure 9. The microstructure of the base material zone of the workpiece by gouging with plasma:
(a) manually, (b) mechanized, 500 x magnification (100 pm scale).

The base material has a ferritic—pearlitic structure that is uniformly distributed, with
some places showing streaks of pearlite.

The testing was performed at a load of 100 g/force on the scale of HVy was used
in order to determine the hardnesses of the manually and mechanized plasma-gouged
surfaces. This equipment comprises of a data acquisition system and special software for
the automatic measurement of microhardness. For each sample, five measurements were
performed in the three distinct zones, i.e., the gouged zone, the intermediate zone, and the
base material zone. Figure 10 shows the arithmetic mean value of the measured hardnesses.
The Scanning Electron Microscope image of the manually operated plasma-gouged surface
is presented in Figure 11.
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Figure 10. Mean values of the measured hardnesses within a confidence interval of £5.

Figure 11. Scanning Electron Microscope (SEM) image of the manually operated plasma-gouged
(PManG) surface, 1000x magnification.

Analysis of Surfaces Obtained by Mechanized Plasma Gouging

Due to the higher speed of movement of the heat source, the speed of heating and
cooling is higher. Due to the rapid cooling of the surface of the molten metal, contractions
occur with a large variation in volume (3.5%). For this reason, tensions are generated that
lead to the appearance of superficial micro-cracks.

The depth of these micro-cracks is relatively small and enters the field in which the
realization of welded joints will produce the melting of the base material in the additional
material (electrode, wire). In certain areas, gas inclusions are also observed.

In the case of the covered electrode gouging (MMAG), most of the detected elements
come from the base material and the coating of the electrode (MMA). For example, the
detected Al comes from the coating of the gouging electrode. See Figures 12-15.

Fe, C, Mg, Mn, Si, O elements were detected, as seen in Figure 13.

Fe, C, Mn, Al, O elements were detected, as seen in Figure 15.
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Figure 12. EDAX spectrum obtained for the manually operated plasma-gouged (PManG) sample.

Pty

On the vertical axis, the concentration [%] varies from 0 to 0.5%. On the horizontal axis, the layer’s
spectrum range level [keV] varies from 0 to 20 keV.

Figure 13. The distribution of the detected elements on the surface obtained by manually operated
plasma gouging (60 um scale).

b ]

Figure 14. EDAX spectrum obtained for the mechanized plasma-gouged (PMechG) sample. On the
vertical axis, the concentration [%] varies from 0 to 0.3%. On the horizontal axis, the layer’s spectrum
range level [keV] varies from 0 to 20 keV.

Figure 15. The distribution of detected elements on the surface obtained by mechanized plasma
gouging (60 um scale).

4. Conclusions

e  The results obtained in this paper show that plasma gouging is superior to air-arc
gouging in terms of cutting quality and productivity. Following the quality control of
the samples, no defects were detected.

e  Mechanized plasma-gouged surfaces have less roughness than surfaces obtained by
manual plasma gouging. This results from the constant speed and the maintenance of
the processing parameters in the mechanized version.

Plasma gouging is an ecological process, as it has a low impact on the environment.
Due to the thermal effect, it follows that the highest level of hardness is found in
the gouged area. This results from the higher cooling rate that produces harder
structural constituents.
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e No gas inclusions can be observed in the manually operated plasma-gouged surface,
but there are avulsion zones on the surface. More advanced expulsion by spraying of
the molten material was found to be achieved due to electromagnetic forces. This is
due to the higher voltage applied (about 135 V). As a consequence of increasing the
voltage, the gouging surface was extended. If the intensity of the current increases,
then the depth expands.
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