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Abstract

When processing widely used materials in welded structures such as steels, a surface
operation such as plasma cutting applied in the automated Computer Numerical Control
(CNC) version can provide technical and economic benefits to the cut components, but the
impact on health and environment must be addressed accordingly. In this paper, a plate
with a base material made of S355]2 + AR structural steel is cut in 10 pieces with plasma in
a water-bed designed and manufactured by the authors in order to mitigate such risks. The
surfaces cut in the water-bed are compared to surfaces cut in open air by macroscopic anal-
yses of the edge cut, by microscopic analyses of the cut parts—base material, heat-affected
zone, and cut area—and by hardness determinations. The results reveal improvements as
a result of plasma cutting in the water-bed: slag reduction, preservation of granulation,
transformations in the austenitic temperature zone, and hardness in the heat-affected zone.
Compared to a classical cutting procedure such as oxygen flame cutting, the proposed
procedure offers a clean alternative and also requires low maintenance.

Keywords: plasma cutting; structural steel; microscopic and macroscopic analysis;
hardness; water-bed

1. Introduction

One of the major challenges of structural applications is to develop modern steels that
can withstand a fluctuating stress environment and ultra-low cycle fatigue, as presented
in [1,2]. One study [3] has provided a prediction on the long-term strain ageing effects
on the stress—strain behavior of low-carbon structural steels with nominal yield strengths
ranging from 235 MPa to 355 MPa. Due to its high strength, S355 steel is frequently used
in civil engineering to design bridges and simple engineering parts [4,5], being able to
meet strict construction requirements with relevant savings in materials. According to [6],
5355]2 steel is a non-alloyed structural steel with a minimum yield strength of 355 MPa
and a typical tensile strength between 470 and 630 MPa. The mechanical response and
microstructure of steel coatings deposited by applying two spraying techniques onto this
steel were determined in [7]. By microstructural analysis, tensile testing, hardness testing,
and fracture toughness testing using specimens derived from various zones of the weld
joints by using the Rotary Friction Welding (RFW) technique, significant microstructural
differences were revealed across the weld joints tested in [8], obtaining a stable hardness
with a maximum of 208 HV1 in the thermo-mechanically affected zone (TMAZ). Changes
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in microstructure are also treated in [4,9] and in hardness in [10,11]. Other relevant aspects
related to S355-based applications for welded structures are also analyzed, such as: wear
resistance [9,10], cracking [12], corrosion [11], fatigue behavior [5,11,13,14], X-ray inspec-
tion, and cross sections [15]. As depicted in [5,7-14], S355]2 is a low-carbon structural
steel that comes in different base material variants with similar chemical composition:
C =0.015%-0.024%, Mn = 1%-1.6%, Si = 0%—0.55%, Cu = 0.04%-0.55%, P = 0.01%-0.05%,
S =0.002%-0.05%, and Fe = Balance. The base material tested herein, S355]2 + AR (as-rolled)
steel, has a similar chemical composition, as presented in Table 1.

Table 1. Chemical composition of S355]2 + AR (%) SR EN 10025/25-2004 steel, according to the
analysis bulletin issued by the manufacturer.

C Mn Si Cu P S Al As Ti
0.0155 1.42 0.18 0.015 0.018 0.01 0.037 0.05 0.001

A% Ni Cr Mo Nb B N, Ca Fe
0.001 0.01 0.01 0.001 0.001 0.0001 0.008 0.0001 Balance

Many types of workpiece materials used in production require more or less compli-
cated cutting operations [16]. In terms of cutting metals, the following technologies stand
out, which, depending on the source, are either thermal, such as plasma, laser, and oxygen
cutting [17,18], or mechanical, such as abrasive water jet cutting [19].

The relevance of applying these cutting methods in steel processing is discussed in
various studies, such as [20—43] for plasma cutting, [17,18,24-27,38-46] for laser cutting, [17,
18,20,25,34,35,37,39-41,43] for oxygen/oxyfuel cutting, and [16,19,22,25,38-41,43,47-49] for
abrasive water jet cutting.

The plasma cutting process is a modern non-conventional manufacturing process
mostly used in shipbuilding and the metal processing industry. Related to its use in
buildings, shipbuilding, or in any loaded structure edges, mechanical processing can only
be performed by grinding and not by cutting. In this process, highly ionized gas containing
a very high amount of energy is used to cut different metals such as mild steel, stainless
steel, wear- and abrasion-resistant steel, aluminum, copper, etc., at various thicknesses up to
150 mm. Cut characteristics such as cut quality can be affected mostly by different process
parameters that are set by a technologist or process engineer. Usually, it is the case that
appropriate process parameter settings improve some quality characteristics and worsen
others. Due to that, it is desirable to conduct comprehensive research in order to define
optimal cutting areas where different responses related to cut characteristics simultaneously
have optimal solutions. In order to accomplish that, many researchers worldwide have
performed investigations in order to describe the effects of different process parameters
and to define their optimal values [50].

In terms of cutting performance and quality, plasma cutting can lead to better results
than oxygen flame cutting and, in some cases, to similar results as laser cutting and abrasive
water cutting, especially for thick sections which are cut faster and for obtaining smooth
edges. When it comes to process versatility, overall costs, maintenance, and material
requirements, plasma cutting can be considered the best alternative. Only oxygen flame
cutting is just as cost-effective.

Related to health safety and environmental impact, all the cutting methods mentioned
previously pose specific risks. In the case of plasma cutting, the following risk assessment
issues must be addressed: noise can represent an issue and underwater cutting and proper
ventilation are recommended. A solution to mitigate such risks, which is rarely treated in
the literature, could be the addition of a water-bed to the cutting procedure. As presented
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in [45], metal-ceramic elements were cut with an abrasive jet through a plasma-spraying
technique in a water-bed.

In this paper, a plate with a base material made of 5355]2 + AR structural steel,
according to the SR EN 10025/25-2004 standard [51], having the following dimensions, a
length of 900 mm, width of 700 mm, and thickness of 6 mm, is cut with plasma both in
air and a water-bed by means of a CNC (numerical control cutting) machine. This paper
analyzes the surface quality of the components (10 square-shaped pieces with a side of
90 mm) cut with plasma. In this regard, the following surface characteristic analyses were
performed: macroscopic comparative analyses of the edge cut with plasma in a water-bed
and in air, microscopic comparative analyses of the cut parts (base material, heat-affected
zone, cut area), and hardness determinations.

In Section 2, the materials used and the experimental set-up for the plasma cutting
operation are detailed, including the water jet and water-bed design description, the
research logistics, and also the experimental procedure that is used in order to analyze the
samples cut with plasma in open air, in the water-bed, and afterwards, with the oxygen
flame. In Section 3, macroscopic, microscopic, and hardness analyses of the samples are
provided, also including energy dispersive X-ray analysis (EDS). In Section 4, the results
obtained in the previous section are discussed, emphasizing the surface characterization
benefits and also the technical-economic (maintenance and costs) and health safety (noxious
emissions and noise level) benefits obtained by plasma cutting in a water-bed applied to
structural steel.

2. Materials and Experimental Set-Up
2.1. Water Injection Gun and Water-Bed Design

Plasma cutting is a surface operation. The focus of the experimental procedure is to
characterize the cut surfaces. After the plasma cutting operation, it is desirable that no
further processing is performed or that processing is reduced as much as possible; this
produces a decrease in additional costs, with the final result increasing the competitiveness
of the products. If the quality of the cuts is not appropriate, the expenses related to the
subsequent processing will increase as well as the material consumption, as a result of the
existence of a processing addition to the finished dimensions of the parts. It is necessary to
know the factors that influence the plasma cutting process and implicitly the quality of the
cuts. The choice of the cutting process will be made depending on

The desired precision;

The thickness and composition of the material to be cut;
Geometric shape;

Desired quality;

The number of pieces per series;

Pollution limit;

W eme a0 T

Considering that plasma cutting, due to the new achievements of traditional compa-
nies, is getting closer to laser cutting at a lower price and a comparable quality, the
final decision will be made taking into account the savings achieved;

h.  The cost of maintenance operations after purchase.

In industrial practice, reducing the harmful effects of thermal plasma cutting is
achieved either by using exhaust systems or by “isolating” the plasma arc with water.

Regarding the design and development of exhaust systems, the constructive configu-
ration is made up of the following subassemblies:

e  The motor fan with snail casing (cyclone) for creating depression at the suction mouth;
e  The device or devices for filtering the absorbed smoke;
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e  The absorption device connected through an air duct to the motor fan.

Alternatively, the isolation of the plasma arc with the help of water can be used, and
there are two possibilities in this regard:

e  The use of a water injection cutting torch [33], with the working principle illustrated
in Figure 1;

e  The use of a specialized device, such as a cutting table, which, with the help of a layer
of water, ensures the absorption of the generated microscopic particles suspended in
air and, at the same time, faster cooling of the cut base material. Figure 2 illustrates

the cutting table.
PLASMA GAS
ELECTROQE ‘ (NITROGEN)
GAS \\_ \\'“ b
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Figure 1. Water injection gun.
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Figure 2. Water-bed plasma cutting table: (a) physical assembly; (b) section view.

The cutting table shown in Figure 2 works on the principle of placing the cut material
on the metal profiles on the upper part, after which the compressed air is directed or
removed to a chamber located at the bottom of the table, causing the water level to rise or
fall accordingly. In this way, the piece can be cut at water level, as illustrated in Figure 3a,
or below its level, as seen in Figure 3b.
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Figure 3. Water-bed plasma cutting table: (a) at water level; (b) underwater.

2.2. Research Logistics

In the framework of the research logistics used, the authors mention the equipment

used for cutting 10 square-shaped pieces with a side of 90 mm: ComCut 31. It is a CNC

numerical control cutting machine by the manufacturer Messer Grisheim (Figure 4).

(a) (b)

Figure 4. ComCut 31 CNC cutting machine equipped with (a) plasma cutting torch; (b) oxy-fuel torch.

The machine equipped for cutting with an oxy-gas burner or air plasma installation

has the following technical characteristics:

Cutting path length: 6000 [mm];

Cutting width: 2200 [mm];

Thickness of the sheet to be cut: oxy-gas min. 8, max. 120 [mm]; plasma min. 1, max.
30 [mm];

Positioning speed: 10,000 [mm /min];

Continuously adjustable cutting speed: yes;

Cutting path tracking accuracy: 0.1 [mm].

The following CNC functions can be accessed through Omniwin software Version 6.3.5:

Straight line cutting in coordinates;
Automatic alignment of the cutting head with respect to the material to be cut;
Automatic rotation of the cut piece on the Ox and Oy axes;
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e  Automatic cutting of mirrored parts and parts to scale;
e  Library of standard and derived figures;
e  Self-diagnostic messages;
e  Return to the cutting contour;
e Automatic return to perforation points or to the interruption point of a program;
e  Selection of cutting mode/program run (manual, automatic, step-by-step test);
e  Cutting gap compensation.
The cutting machine allows the alternative use of the following equipment:
e Oxy-fuel burner model: Messer Grisheim; or
e  Plasma source: with air connected to the compressed air network of the workshop;
e  Plasma cutting torch fixed on the cutting arm of the machine;
e  Cutting electrode;
e  Cutting nozzle: J1.6/90-120 Amperes;
e High-resolution field emission scanning electron microscope equipped with energy

dispersive X-ray analysis (EDS) system;

e  Wilson-Wolpert micro durometer, with loads of 0.01-1 kgf.

For a better evacuation of the slag residues from the cutting, the following system was
designed by which the water from the settling tank “washes” the cutting tank.

A container for collecting the slag residues from the cutting process was also installed
in the settling tank, so that the efficiency of the device increased considerably, a fact
also demonstrated by the subsequent measurements we carried out. Some images from
the operation of the redesigned device are shown in Figure 5. The settling tank has the
dimensions 470 mm (in width) x 720 mm (in length) x 1010 mm (height) and supports
a maximum capacity of 290 L of water. It has a dual role: it ensures a lower-temperature
water reserve necessary during the cutting operation and stores the cut material ejected in
the form of slag from the cut.

In order to monitor the water temperature in the cutting tank, the device was also
equipped with a thermometer with an underwater probe.

Once this device was made, the authors moved on to adapting it according to the
requirements of the experimental program. The intensive use of the device required the
development of several operating and maintenance instructions in order to ensure

e Alonger operating life;
e An ecological working environment.

In terms of functionality, after the related work tests, the device improvements were
carried out as follows: the closed water circuit was redesigned and enlarged, a water pump
with superior characteristics was installed (capable of ensuring a flow rate of 25 L /min),
the filter element was replaced with a slag waste collection container placed in the settling
tank, and, once the device was optimized, an optimal cutting plan (nesting) was designed
using the cutting machine software program.

Related to the cutting parameters, the base material is S355]2 + AR and is 6 mm thick,
in accordance to the SR EN 10025/25-2004 standard [51].

As follows, this work will refer to the samples obtained by the plasma cutting processes
taking place both within the free atmosphere (in open air) of the metal fabrication workshop
and at the lower edge on the water level (in water-bed). The experimental set-up parameters
are depicted in Table 2.
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Figure 5. Water-bed cutting device final version (470 mm in width, 720 mm in length, and 1010 mm in
height)—aspects during operation: (a) water level at the beginning of the operation; (b) temperature
measurement; (c) sprinkling; (d) slag residues.

Table 2. Experimental set-up working parameters.

Parameter Value
Cutting speed 1000 mm/min
Torch/base material distance 5 mm
Cutting current intensity 100 A
Plasma air pressure 6 Bar
Cooling water volume 20L
Initial water temperature 19.10°C
Final water temperature 69.40 °C
Cutting time 4min 23 s

2.3. Experimental Procedure: Analysis of Samples

It is completed or finalized by photographic recording or printing of the macrostructure
in the form of macrographs or prints. The overall examination of metallic products (semi-
finished or finished products), without or with prior preparation, allows the rapid detection
of general or particularly specific defects that occur:

e Compactness defects (cuts, porosities, cracks);

e  Structural inhomogeneities (crystalline grains of different sizes, shapes or orienta-
tions, etc.);

e  Chemical inhomogeneities (segregation of alloying elements, harmful impurities, etc.);

e Inhomogeneities (areas or layers of different materials joined by gluing, welding or
plating, deposited electrolytically, etc.);

e  Other material or processing defects (coarse non-metallic inclusions, overlaps, de-
carburization, etc.), as well as aspects of degradation during service (rupture, wear,
corrosion, burning, etc.).
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The macrostructure is closely correlated with the behavior of the product during sub-
sequent technological operations and, above all, ensures the final physical and mechanical
properties during service and therefore the reliability of the product. In metallographic
laboratories in the metallurgical, processing, and machine building industries, macroscopic
analysis is commonly practiced; this is a method of interphase or final quality control of
metal products. Data are obtained on the conditions, character, and quality of previous
processing undergone by the metal.

Macroscopic analysis is a method of researching the structure of metallic materials,
which can be performed with the naked eye; with a magnifying glass, which can magnify
several times; or with a stereomicroscope, at a magnification of up to 50 times, of the
outer surface or of specially prepared sections detached from them. To allow a correct,
objective, and reproducible classification of macroscopic structures—by product groups
and characteristic defects—they are regulated by macrostructural standards (for porosities,
segregations, casting, forging, welding, heat treatment defects).

For the macroscopic analysis, the parts with the edge cut by the plasma process in
open air (free atmosphere) (samples 1-1 and 1-2), in a water-bed (samples 2-1 and 2-2) and
by an oxygen flame (samples 3-1 and 3-2) are presented in Figure 6.

1‘2 l
1.1

3.2

3.1
Figure 6. Samples (90 mm X 90 mm) for microstructural analysis.

The enlarged images of the cut edge are presented, at different sizes, in Figure 7.

(b)

Figure 7. Macroscopic image of the edge cut (thickness of 6 mm, 10x) in (a) air and (b) water-bed.
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In the case of samples cut with plasma in open air, a consistent slag layer is observed
at the lower part of the cut edge as well as irregular cutting marks with consistent depth.
In the case of samples cut with plasma in a water-bed, a less consistent slag layer is
observed at the lower part of the cut edge as well as irregular cutting marks with a
smaller depth than in the case of cutting in open air. At the same time, reddish areas are
observed due to more pronounced oxidation following contact with the water-bed. In the
case of both samples, the appearance of curved cutting marks is observed, which attests
to the lagging behind of the plasma jet, even if the working parameters recommended
by the manufacturer of the cutting machine and the plasma source have been respected.
Microscopic analysis is performed in situations where it is mandatory to also know the
results of structural analyses (naval register, aerospace construction, highways, etc.). The
choice of the optimal cutting technology is also made depending on the results obtained
in this way.

The set of measurements performed before and after the design of the water-bed
cutting device have revealed the following effects on the working environment: the
final technological version of the water-bed cutting device proved to be efficient, and
the device is robust, mobile, flexible, easy to maintain, and can be used with minimal
maintenance instructions for a long time, with the development of the optimal cutting
plan. In this regard, the optimal working parameters of mechanized cutting were
determined, based on the data provided by the cutting equipment manufacturer and our
own measurements.

3. Results
The samples illustrated in Figure 6 were cut according to the following configurations:

a. Samples 1-1 and 1-2—Dby thermal cutting with air plasma, in the free atmosphere (open
air) of the workshop;

b. Samples 2-1 and 2-2—by thermal cutting with air plasma, the piece being placed on a
water-bed at the bottom;

¢.  Samples 3-1 and 3-2—by oxygen flame cutting.

The samples were embedded in a phenolic resin and were then prepared metallo-
graphically, by grinding, polishing, and chemical etching with Nital 2%. The examination
was carried out on one surface perpendicular to the cutting plane.

3.1. Samples 1-1 and 1-2

Microstructural examination with a scanning electron microscope and determination
of microhardness revealed the following aspects:

a. The microstructure of the base material, unaffected by the cutting operations, is typical
for an unalloyed steel, with a low carbon content, in a plastically deformed + annealed
state: equiaxed grains of ferrite and small amounts of pearlite, as seen in Figure 8.
The granulation is extremely fine and uniform (average grain diameter 15-16 um,
corresponding to a score of 9 according to ASTM E112). Rarely, non-metallic inclusions
(sulfides and silicates) were observed, normal for a steel processed under ordinary
conditions. The hardness, determined by the Vickers method with micro loads, was
120-125 HV05.

b. EDS analysis is used for the chemical characterization of each sample and can also
highlight precipitation phenomena, which is the reason for applying this method to
the characterization of cut surfaces, as seen in Figure 9.
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On both samples, the edges corresponding to the exposure to the cutting operations
show traces of microstructure modification, at a depth of 0.7-1.0 mm. The modifications
consist in the appearance of the phenomenon of partial marginal recrystallization, with the
appearance of a new generation of grains, as seen in Figure 10.

(a) (b)

Figure 8. Microstructure of the base material, unaffected by the cutting operations, observed on
samples 1-1 and 1-2. Equiaxed grains of ferrite and small amounts (approx. 5%) of lamellar pearlite:
(@) x2000; (b) x5000.

CK ik MnK

1.00 .00 3.00 4.00 5.00 6.00 T7.00 &.00 9.00 10.00 11.00 12.00 13.00 keV

Figure 9. EDS spectrum obtained for sample 1-1, area unaffected by cutting operations. Chemical
elements detected: Fe, Mn, Si, and C.

This fact attests to the accentuated heating of the material, around the austenitic
transformation temperature. The microhardness is also slightly affected, with the ob-
tained values decreasing from the edge to the core. See Table 3. The ferrite grains slightly
modify their morphology, becoming slightly distorted, and the pearlite has a lamellar
appearance with a slight tendency for globulation. Only at a depth of approx. 100 um is
the granulation slightly increased compared to the core, reaching a score of 6-7 according
to ASTM E 112.
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Table 3. Microhardness (HV 05 value) of samples 1-1 and 1-2 obtained for various depths.
Depth [mm] Sample 1-1 [HVO05 Value] Sample 1-2 [HV05 Value]

0.1 172 171
0.2 164 173
0.3 165 175
0.4 163 168
0.5 160 161
0.6 165 157
0.7 160 147

2 121 121

Figure 10. Samples 1-1 and 1-2: (a) marginal area thermally affected by the cutting operation (general
appearance, xX500), observed on sample 1-1; (b) slightly increased granulation, on a marginal area,
observed on sample 1-2 (x1000); (c) modified structure, at 100 um depth, observed on sample 1-1
(x5000); (d) partially recrystallized structure, at 400 pm distance from the cut edge (x5000), observed
on sample 1-2.

3.2. Samples 2-1 and 2-2

The microstructural aspects observed on samples 1-1 and 1-2 are also found on samples
2-1 and 2-2, with some particularities, as follows:

a. The base material presents an absolutely identical structure, probably coming from the
same batch: very fine grains of ferrite, equiaxes, and very small amounts of lamellar
pearlite, as seen in Figure 11. The hardness confirms the material brand and the heat
treatment state, being 120-125 HV05.

b. The modification of the microstructure in the areas thermally affected by cutting is
also similar to that observed on the previous samples: partial recrystallization, with
the appearance of grains even finer than those of the base material, as well as grain
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growth to a depth of 100 pm on the edges, in some places even with a martensitic
appearance, in the areas where the temperature was higher. A special aspect was
observed on sample 2-2, marginally more severely affected, by the appearance of areas
of intergranular oxidation and local melting, at a depth of 60-70 pm.

c.  The hardness is different, however, with the heat-affected areas registering higher
values (230-260 HV05), probably due to the higher cooling rate. See Table 4. Due to
the fact that this steel is used for welded structures and the carbon is below 0.2%, it is

difficult to harden to martensite, as depicted below. But, the HAZ can reach values of
260 for HV05. See Figures 12 and 13.

(b)

Figure 11. Microstructure of the base material, observed on samples 2-1 and 2-2. Equiaxed grains of

ferrite and small amounts (approx. 5%) of lamellar pearlite: (a) x2000; (b) x5000.

Table 4. Microhardness (HV 05 value) of samples 2-1 and 2-2 obtained for various depths.

Depth [mm] Sample 2-1 [HV05 Value] Sample 2-2 [HV05 Value]

0.1 233 258
0.2 225 237
0.3 200 220
04 189 188
0.5 172 175
0.6 175 170
0.7 171 172

2 124 126

1.00 A.00 &.00 s.00 10.00 12.00 14.00 1600 keV

Figure 12. EDS spectrum obtained for sample 2-1. Chemical elements detected: Fe and C.
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Figure 13. Samples 2-1 and 2-2: (a) marginal area thermally affected at a depth of 0.7 mm, observed
on sample 2-1 (x200); (b) marginal structure affected by cutting heating and rapid cooling (x2000)—
martensitic structure, with larger grains; (c) transition zone from martensitic to recrystallized structure
at a depth of 200 um from the edge, observed on sample 2-1 (x2000); (d) partially recrystallized
microstructure, at a depth of 400 pm from the edge, observed on sample 2-1 (x2000); (e) local melting
and intergranular oxidation, observed on sample 2-2 (x1000); (f) detail from the image in (e). Local
melting observed on sample 2-2 (x5000).

3.3. Samples 3-1 and 3-2

Different microstructural and hardness aspects were observed on samples 3-1 and 3-2,
as follows:

a. The base material presents a slightly different structure compared to the samples
described previously. Although the structure is still ferrite—pearlitic, a higher amount
of pearlite was observed in the ferritic matrix. This may be due to a higher carbon
content. Being a surface cutting operation, the transformation of ferrite into pearlite
occurs through carbon precipitation but does not reach the parameters for the forma-
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tion of martensite. The hardness in the core is also slightly higher, around 150-160
HV05. The content of non-metallic inclusions, distributed along the direction of plastic
deformation of the material, is also higher.

b. Oxygen flame cutting generated thermal damage to the material at much greater

depths: 2 mm on sample 3-1 and 4-5 mm on sample 3-2. The heat-affected zones
are visible even macroscopically on the samples attacked with Nital 2%. Marginally,
the structure is even martensitic, with large grains, reaching sizes of 200 um, with
coarse platelets that gradually decrease in size, until the core. Also marginally, plas-
tic deformations of the material were observed, forming areas with a strictly local
fiber structure.

c. The microhardness in the marginal areas is non-uniform. If on sample 3-1 values

between 187 and 226 HVO05 were recorded, on sample 3-2 values of 250-260 HV05
were also obtained. See Figures 14 and 15 and Table 5.

(e) ()

Figure 14. Microstructure of samples: (a) 3-1; (b) 3-2, in the core. Equilateral grains of ferrite and
lamellar pearlite (approx. 30%). Marginal structure affected by heating, observed on sample 3-1.
Large grains of ferrite and martensite: (c) x200; (d) x1000. (e) Marginal area thermally affected
1 mm from the surface, observed on sample 3-2. Mixture of martensite, ferrite, and pearlite (x1000).
(f) Local, marginal plastic deformation observed on sample 3-2 (x5000).
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(a) (b)

Figure 15. EDS spectra obtained on two types of inclusions, observed on samples 3-1 and 3-2:
(a) manganese iron sulfide; (b) aluminum silicate, nucleated on an iron manganese sulfide.

Table 5. Microhardness (HV 05 value) of samples 3-1 and 3-2 obtained for various depths.

Depth [mm] Sample 3-1 [HVO05 Value] Sample 3-2 [HVO05 Value]
0.1 223 255
0.2 226 210
0.3 195 217
0.4 190 202
0.5 188 197
0.6 180 200
0.7 182 192

1 177 190
1.3 176 181
1.5 173 172

5 144 152

3.4. Results Overview

In the tests presented previously, the authors have also taken into consideration
oxyfuel cutting as a classic method and compared plasma cutting in air to plasma cutting
in a water-bed, which was shown to reduce emissions such as dust and sound. From the
analysis of 6 mm carbon steel sample parts cut mechanically with plasma in free atmosphere
and in the water-bed, the following data are summarized in Table 6.

Table 6. Comparative analysis of results.

(2) Angular deviation of the cut edge More pronounced, max 11° side Lower, max 8° side

Determinations Performed Samples Cut w1tl} Plasma in Samples Cut with Plasma in Samples Cut with Oxygen
Open Air Water-Bed Flame
(1) Measurements of nominal . . . . .
Lower dimensional accuracy Higher dimensional accuracy Measurements were not

dimensions after cutting carried out due to the very

(3) Circularity deviation Present Present, but reduced by half low quality of the cut parts

Macroscopic analysis

Measurements were not
(1) Depth of scratches More pronounced Lower carried out due to the very
low quality of the cut edge
(2) Slag At bottom At bottom, in a reduced amount
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Table 6. Cont.

Determinations Performed

Samples Cut with Plasma in Samples Cut with Plasma in Samples Cut with Oxygen
Open Air Water-Bed Flame

Microscopic analysis

Although the structure is still

Equiaxed ferrite grains (size Equiaxed ferrite grains (size ferrito-pearlitic. a ereater
(1) Base material zone 15-16 um) and small amounts 15-16 um) and small amounts amourl’?t of pea’rlitge was
of pearlite of pearlite observed in the ferritic matrix.
01-0.7 mm, with transformations Extended: 4-5 mm, with
(2) HAZ 01-0.7 mm with transformations  in the austenitic temperature zone martensitic structure and
in the austenitic temperature zone  and intergranular oxidation zones  large grains; shows marginal
due to the water-bed elastic deformations
(1) Microhardness in Base 125-120 HV05 125-120 HV05 160-150 HV05
material zone
(2) Microhardness in HAZ 172-147 HV05 260-172 HV05 255-144 HV05

4. Conclusions

This paper presents a comprehensive experimental study that aims to characterize
the surface of cut pieces from a structural steel S355]2 + AR plate, both with plasma
in the designed water-bed and in open air, considering, in addition, the resulting dif-
ferences to oxygen fuel cutting, a classic cutting procedure, in order to be applied for
welding structures.

Macroscopic analysis: Following the macroscopic comparative analyses of the cut
edge profiles for the two plasma cutting procedures, their interpretation reveals that the
slag layer is less consistent at the lower part of the cut edge as well as the irregular cutting
marks with a smaller depth compared to open-air cutting. At the same time, reddish areas
are observed due to more pronounced oxidation following contact with the water-bed.

Microscopic analysis: The microscopic analysis has led to the following comparative
remarks for the two plasma cutting procedures: the granulation is preserved, as ferrite
and pearlite grains were observed to have the same size both in the base material zone
(15-16 um for ferrite and small amounts for pearlite) and in the HAZ (01-0.7 mm, with
transformations in the austenitic temperature zone), while for oxygen flame cutting, the
grains were observed to have an extended size in the HAZ (4-5 mm, with martensitic
structure and large grains).

Hardness: In the HAZ, the following values were obtained for plasma cutting: 172-147
in HV05 values in open air, and 260-172 in HV05 values in the water-bed. These values are
similar to the ones obtained for oxygen flame cutting: 255-144 in HV05 values.

Technical-economic aspects: A water-bed cutting device was designed and manufac-
tured by the authors and, in its construction, materials from demolitions (sheet metal, pipe,
angle iron) were used; thus, a significant reduction in production costs was obtained. When
being used, the device is mobile, flexible, and versatile, as it can be easily moved from one
workstation to another. At the same time, the device was designed in order to be robust
and easy to maintain. In this regard, the subassemblies subject to wear and tear can be
easily and quickly replaced. The microstructure of the cut surfaces is not influenced by the
proposed and designed device, but it is part of the research logistics. Previous experimental
research has shown that during intensive cutting regimes, the water-bed overheats and
loses its efficiency. Therefore, to ensure a volume of water at the appropriate temperature,
the cutting tank was connected to a so-called decanter.

Health and environmental impacts: By monitoring residues and noxious emissions
and by improving cutting parameters, a clean and efficient method addressed to cutting pro-
cedures in the industrial environment was proposed herein. Its impact on the environment
was shown to be positive, as initial measurements have revealed significant reductions
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in PM10 concentrations (in terms of maximum value) from more than 10 mg/ m?3 to less
than 5 mg/m? at the water level, while the sound level was kept at an acceptable level, not
exceeding the attention limit of 90 dB.
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