December 2020, 10l. 20, No. 6 MANUFACTURING TECHNOLOGY ISSN 1213-2489

10.21062/mft.2020.117 © 2020 Manufacturing Technology. All rights reserved. http://www.journalmt.com

Analysis of Affected Surface Zone Created by Different Cutting Technologies

Ludmila Kucerova, Antonin Racicky, Iveta Ticha
Regional Technology Institute, Faculty of Mechanical Engineering, University of West Bohemia in Pilsen, Univer-
zitni 8, 306 14 Pilsen, Czech Republic. E-mail: skal@tti.zcu.cz, racickya@tti.zcu.cz, ichenati@rti.zcu.cz

Three cutting technologies, plasma, laser, and acetylene, were used to produce the same geometry of a
hole with 33 cm diameter. The plates of the same steel St-37 (1.0038, CSN 11375) with a thickness of 50
mm were used in all three cases and the aim of the work was to evaluate and compare microstructure
changes of the cut surfaces. Longitudinal and transverse samples were taken from all cuts for subsequent
analysis. Light and scanning electron microscopy of surface and below-surface areas were carried out at
all samples. Hardness profiles were determined by micro-hardness and nano-hardness measurements.
Based on these results, the depth of material that was influenced by cutting was established by image
analysis of light micrographs, micro-hardness measurement and nano-hardness measurement. It was
found out, that all three technologies influence significantly microstructure and surface hardness of cut
steel. Acetylene cutting resulted in the deepest affected zone consisting of several layers with gradually
changing microstructures based on various ferritic-carbidic morphologies.
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1 Introduction

Laser, plasma, or oxygen-acetylene cutting met-
hods are widely used for cutting of steels and most of
the research works concerning these methods have
paid attention to the effect of cutting parameters on
the roughness of the cut surface. Surface roughness
has been a single parameter used to assess the quality
of cut surfaces, as the manufacturers are mostly inte-
rested in the control of the most visible parameters of
the cut surface, which are roughness and edges. Mo-
reover, these parameters could be determined relati-
vely easily and quickly [1-6]. However, the thermal
cutting methods do not affect only the roughness of
the cut surfaces, the heat generated in the cut area can
also influence the microstructure and mechanical pro-
perties of the surface layer of cut material [7-10]. This
work describes the difference in affected layers of steel
that was cut by these three methods.

Laser cutting is often used to process metals, due
to its low and localized heat input into the material and
production of high surface quality without mechanical
deformation. In comparison with other thermal met-
hods, it should, therefore, result in the thinnest layer
of re-melted material and heat-affected zone. [1] This
method enables the cutting of various geometries.
Increasing thicknesses of cut material results in incre-
ased surface roughness, which could have a negative
impact on fatigue life. However, the fatigue life of la-
ser cut parts is still generally better than the fatigue life
of plasma or oxygen-acetylene [2-6]. Plasma cutting
melts material at extremely high temperatures around
10 000 °C, which originate from dissociation of gas

molecules passing through an electric arc. The molten
material is blown away from the cut by the assisting
gas [8-12]. The good quality of the cut can be achieved
by a suitable choice of cutting parameters. The biggest
advantages of oxygen-acetylene cutting are the simpli-
city and mobility of used equipment and low acquisi-
tion and running costs. The disadvantage of the acety-
lene cutting method is the substantial heating of cut
material, which creates large heat-affected zone and
residual stresses [13-15].

2 Experimental program

Large holes with 330 mm diameter were cut from
15 mm thick plates of St-37 steel (1.0038, CSN 11375)
in the annealed state (Fig. 1). The material, cut shape,
and thickness of the plate were chosen according to
commercial requirements and three relatively
common cutting technologies were used to produce
the same size of the hole: laser, oxygen-acetylene, and
plasma. The cutting parameters of each technology
were chosen based on commercial practice. Laser
cutting machine Trulaser 30301 was used applying the
cutting speed of 1.17 mm/min. Four-torch oxygen-
acetylene cutter VANAD F cut the steel at 0.33
mm/min and plasma cutter HYPERTHERM used
cutting speed of 1.5 mm/min. Four metallographic
samples were prepared from each cut surface, two in
a longitudinal and two in a transverse direction.
Transverse cross-sections were prepared to evaluate
the changes in the depth of the influenced layer across
the thickness of the plate. For this purpose, light
microscope Olympus BX61 with the motorization of
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all three axes was used to provide a good resolution
stitched up an image of the whole cross-section.

Fig. 1Plate with a circular hole cut by oxygen-acetylene met-
hod and samples for analysis (A1, A2)

The side of the plate with a thicker influenced layer
(i.e. the bottom side) was used for the preparation of
longitudinal metallographic cross-sections. Longitu-
dinal cross-sections were used to measure the depth
of the influenced layer by image analysis of light
micrographs and in a change of micro and nano-hard-
ness over the depth below the surface. Therefore,
microhardness HVO0.1 was measured using UHL
VMH-002V with an imprint spacing of 0.05 mm. Na-
nohardness development was evaluated by NanoTest

Vantage (MicroMaterials), using a loading force of 0.1
g (0.98 N) with the distance between imprints being
46 micrometres. Image analysis was carried out at
three randomly taken light micrographs, average va-
lues of 15 measurements are given in the Results. For
samples cut by acetylene, the analysis had to be per-
formed at stitch images, as it was too thick to fit in a
single light micrograph taken with the lowest magnifi-
cation objective 5x.

3 Results and discussion
3.1 Metallography of cut surfaces

Longitudinal and transverse cross-sections were
prepared by standard metallographic methods of grin-
ding, fine grinding, polishing, and final etching by 3%
Nital. Metallographic cross sections were documented
with light and scanning electron microscopy. The used
St-37 steel plate was in an annealed state, possessing a
ferritic-pearlitic microstructure (Fig. 2). The surface
cut by acetylene had the microstructure consisting of
acicular ferrite, proeutectoid ferrite, and coarse baini-
tic blocks with coarse laths of lower bainite (Fig. 3 a).
The influenced microstructure was so deep, it was not
possible to evaluate the depth optically from one
micrograph taken by the lens with a magnification of
5x and had to be determined from stitched images
(Fig. 4). The influenced layer consisted of several areas
with a gradually changing microstructure. The area
with increased ferrite fraction was placed just below
the surface. Ferritic grains coarsened at first and the
microstructure was refined again deeper below the
surface, gradually transferring into the base ferritic-
pearlitic microstructure of the plate with rather a regu-
lar distribution of pearlitic blocks.

The laser-cut surface had a distinctive quenched
microstructure containing the mixture of martensitic
areas with occasion bainitic laths at the surface (Fig.
3b). Quenched microstructure with predominantly ba-
initic microstructure and the occasional occurrence of
martensite was found in the surface of samples cut by
plasma (Fig. 3c).

Fig. 2 Ferritic-pearlitic microstructure of the base material of the steel, viewed with increasing magnification.
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Fig. 3 Longitudinal cross-sections of samples cut by acetylene a) — ¢), laser d) — f) and plasma g) — i). Affected layers at the surface
in overview images a), d), g) light micrographs b), e), h) and SEM ¢), f), 7).

a) Acetylene

b) Laser

c) Plasma

Fig. 4 Stitched images of transverse cross-section, a) acetylene, b) laser, ¢) plasma
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Stitched images of transverse cross-sections

The uneven depth of influenced layers was visible
on all stitched images of transverse cross-sections of
cut plates (Fig. 4). The biggest difference in the depth
was observed in the samples cut by acetylene (Fig. 4a).
In this case, the depth of the surface layer at the more
affected bottom side was nearly four times bigger than
the depth of the layer at the opposite, upper, side of
the steel plate. The same trend is apparent in the sut-
face cut by laser (Fig. 4b), where the more affected
side has around three times a deeper surface layer than
the opposite one, even though it still does not make
even the smallest depth of acetylene affected layer.
Quite an even surface layer development was obser-
ved for plasma cut surface (Fig. 4c), where practically
no depth differences can be observed between the up-
per and the lower side of the steel plate.

3.2 Microhardness and nanohardness measurement

Microhardness development was determined at
longitudinal cross-sections, starting always from the
cut surface. The imprints were carried out every
0.Imm in the direction normal to the surface, using
100 g loading force.

Acetylene cutting resulted in the smallest change of
surface hardness and was accompanied by a drop of
hardness at the very surface. However, the total influ-
enced layer in the material cut by acetylene reached the
biggest depth under the surface, which was the reason
why the measurement was, in this case, carried out up
to 4mm (Fig. 5). The hardness decreased gradually
with increasing depth below the cut surface and the

obtained maximal hardness of 260 HV 0.1 was achie-
ved 0.25 mm below the surface. The relative softness
of the affected surface layer corresponds to observed
ferrite- bainite microstructure

Both laser and plasma cut surfaces showed more
than twice higher surface hardness than the base ma-
terial (Fig. 6). This high hardness resulted from quen-
ched microstructures below the surfaces. The laser-cut
surface reached the highest hardness of 400 HV0.1.

Nanoindentation was used as an additional method
for hardness development evaluation. A loading force
of 0.98 N (circa 0.1 g) with the distance between im-
prints being 46 micrometres. Nanoindentation values
are given in Pascals and they cannot be directly com-
pared or converted into values comparable with stan-
dard Vickers hardness determined in previous tests.
Due to the very low loading forces and small resulting
imprints, the measurements near the surface of the
sample should be more precise and reliable than con-
ventional microhardnes. On the other hand, generally
larger scatter of measured values can be expected for
nanoindentation measurements, as they are extremely
sensitive to local microstructure features. And even
small microstructure heterogeneity of the plate can
affect the measurement. It can be seen from the com-
parison of Fig. 6 and Fig. 7, that both graphs capture
the same trend in surface hardness of individual
samples. Laser and plasma cut samples had very simi-
lar, extremely increased micro and nano hardnesses
just below the cut surface and the harnesses of both
samples rapidly decrease in a similar depth below the
surface.

Full scope of microhardness measurement - Acetylene
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Fig. 5 Dashed black line marks the trend of hardness development, which was used to determine the depth of influenced surface to be
around 2.85 mm.
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Fig. 6 Comparison of microbardness development
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Fig. 7 Nanobardness, loading force 0,98 N

3.3 Determination of the depth of influenced layers

The depth of influenced layers was evaluated by
three methods. First of all, image analysis was applied
to light micrographs taken by the lens with a magnifi-
cation of 5x. The values provided in table 1 are the
average of 15 measurements from 3 different micro-
graphs. This evaluation was based purely on the visual

difference of microstructures of influenced layers.

Microhardness and nanohardness curves were also
evaluated for comparison. Nano hardness was mea-
sured only at the distance of 1800 micrometres, which
was not enough to evaluate the affected layer for the
acetylene-cut sample.
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Tab. 1 Comparison of the depth of influenced layers determined by varions methods

Cutting technology

Depth of influenced layers [um]

Image analysis Micro-hardness Nano-hardness
Acetylene 2980 2850 -
Laser 564 750 1000
Plasma 448 650 780

4 Conclusions

All three used technologies influence significantly
microstructure and surface hardness of cut steel. Ace-
tylene cutting resulted in the deepest affected zone
consisting of several layers with gradually changing
microstructures based on various ferritic-carbidic
morphologies. However, from the point of view of
surface properties, these layers possess similar hard-
ness as the base material. Thinner layers with higher
hardness and bainitic microstructure were created by
plasma cutting. Laser cutting resulted also in thin
affected surface layers with bainitic-martensitic
microstructure and with the thickness being between
plasma and acetylene.
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