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ABSTRACT. Cutting processes affect the material to a deeper or shallower attached-to-the-cut zone. Its
microstructure, its hardness and mechanical properties are changed. Also the cutting process introduces surface
roughness and residual stresses. In most cases it is recommended to remove this region by grinding, in order to
keep a smoother surface, free from the above mentioned effects. This work presents the characterization results
of the Heat Affected Zone (HAZ) of a steel plate of grade S460M, with a thickness of 25 mm, cut by flame oxy-
fuel gas cutting. The HAZ microstructure is observed (and the depth of the HAZ measured), the hardness
profile and the stress vs. strain curves until fracture are measured by testing micro-tensile samples, instrumented
with strain gauges. Micro-Tensile specimens are 200 microns in thickness and were obtained from layers of the
HAZ at different distances from the oxy-fuel cut. The obtained stress-strain curves are compared with the
hardness measurements and the observed metallography.
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INTRODUCTION

parts that eventually will be shaped and arranged together by means of mechanical joining techniques or welds.

There are many available techniques for cuttings: shear cutting, oxy-fuel gas or flame cut, laser cut, plasma, water
jet... all these techniques will affect the cut material to a swallower or deeper extent, modifying its microstructure, surface
roughness and finishing and might also introduce residual stresses in the neighbour underlying parent material [1-5]. To
optimize the use of cutting, particularly with respect to fatigue performances [6-11], the question of to what extent is a
good idea to remove cut affected zones (for example, by grinding -what also introduces additional modifications on cut
substrates-) is most relevant.
This is the objective of a European Project (HIPERCUT) what deals with plate cutting techniques, ranging from 8 mm to
25 mm plate thickness and grades between S355M and S890Q). Different cutting techniques are studied: plasma, laser and
oxy-fuel gas cuttings within this project. This paper is focused on the results obtained for a single grade (S355M),
thickness (25 mm) and cutting technique (oxy-fuel gas).

The use of plates as part of constructions, structures, machinery... requires the cutting of large plates into smaller
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Figure 1: Mini-Tensile testpiece, instrumented with a strain gauge.

MATERIALS AND EXPERIMENTAL TECHNIQUES

strength (S460M). This plate is cut by oxy-fuel gas (flame cut) under the standard industrial cutting conditions

typical for heavy plates.
From adjacent-to-the-cut region samples were obtained for metallography, hardness measurements and mini-tensile
specimens. Metallographic samples were embedded in a conductive acrylic resin (Condufast). Afterwards the observation
side is prepared by polishing with SiC papers until grade 1200 and it is further polished -to a mirror finish- by using velvet
clothes with a diamond paste of 6 microns. Finally the samples are etched with 2% nital for 15 s and observed on an
optical microscope (Leica MEF-4).
Hardness profiles were catried out with a LECO M-400-G2, equipped with a Vickers’ pyramid and using an indentation
load of 4.93 N (0.5 kg).
Mini-Tensile probes were cut by Wire Electro-Discharge Machining (WEDM). Twelve prisms -with a dog-bone shape-
were machined perpendicular to the cut edge. Four of them were obtained from the upper region of the cut (torch side),
four from the middle thickness of the cut, and the other four from the lowest part of cut (flame exit and slag side). The
middle sections of mini-tensiles are then located at 2.5 mm from the upper surface, at the middle (12.5 mm) and at 2.5
mm above the lower plate surface.
Afterwards, these prisms atre sliced into 300 microns sheets. These sheets are displaced by 150 microns among the
different prisms, thus mini-tensiles are distributed with a resolution of 150 microns in distance from cut surface. Mini-
tensiles are extracted with a longitudinal orientation (L) with respect to the plate rolling direction and their surfaces
parallel to cut edge.
According to literature [12-13], WEDM introduces residual stresses and affects to a depth of about 80 microns. In order
to remove the effects of WEDM, 50 microns from each side of the test-piece are grinded away and the samples are then
polished with SiC 1200 grade paper and velvet clothe with diamond paste of 6 microns. Test-pieces are not moved during
polishing (at the automatic polishing machine: Struers) to provide a longitudinal polishing pattern, parallel to the future
loading direction. The final test-piece thickness is 200 microns (nominally. It will be measured for each individual test-
piece). The cut edge surface is not polished, but retained for the most superficial test-piece. This first mini-tensile test-
piece is only polished at the inner surface (twice as hard -removing 100 microns for this side- to result in an identical final
thickness of aprox. 200 microns).
Fig. 1 shows a mini-tensile probe. Its basic dimensions are 20 mm in total length, 5 mm total width, 2.5 mm width in the
reduced waist section and 0.2 mm thickness.
To obtain accurate strain measurements, individual test-piece are instrumented with one strain gauge (HBM 1-LY11-
3/120 with a 5% of maximum strain). A San-Ei amplifier is used to record strain gauge elongations. Tensile tests ate
conducted at a ram speed of 0.1 mm/minute. For strains latger than a 5%, the ram position records are used (after
correlation with the previous strain measurements obtained from the strain gauge).
An electro-mechanical testing machine (Instron Mini 44) is used to carry out the mini-tensile tests. This testing machine
has a load cell of £ 500 N. Test-piece heads are introduced into a slot machined at the ends of two volts. These slots are
300 microns thick. Then test-piece heads are glued in position with cyanoacrylate adhesive (Loctite), capillarity does the
filling. Fig. 2 shows the experimental arrangement.

T his work presents the characterization of a cut edge of a thick (25 mm) plate made of a steel of intermediate
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Figure 2: Mini-Tensile experimental arrangement.

RESULTS

Metallography
ig. 3 shows an etched metallographic section through Cut Affected Zone (CAZ). CAZ is much wider at the exit
F side (slag side) than at the middle or at the top (torch side) of the cut edge thickness. In a similar way to a welding
process, the heat generated during cutting and welding produces phase transformation and grain growth of
underlying parent material, as it is shown in Fig. 4.
At the region closest to cut edge, martensite and bainite layers are observable. At a distance of 200 microns from cut edge
polygonal ferrite is observed. At about 400 microns, ferrite grains are larger and beyond 850 microns pearlite and even
larger polygonal ferrite grains are observed; this last microstructure corresponds to unmodified base material
(hypoeutectoid steel, with peatlite-ferrite bands).

Microhardness
Fig. 5 shows hardness profiles (Vickers 0.5 kg, HV05) obtained from top (at 0.5 and 2.5 mm from top plate surface),
middle and bottom (at 0.5 and 2.5 mm above lower plate surface) of cut edge thickness versus distance from cut edge.

Mini-Tensiles tests
Fig. 6 shows a typical tensile fracture of a mini-tensile probe after necking.

Fig. 7, 8 and 9 summarize the obtained results from tensiles tests. Stress vs. strain is depicted as a function of distance
from the oxy-fuel cut, for locations close to the top of the cut (2.5 mm from upper plate surface), middle of the cut edge
thickness and close to the bottom (2.5 mm above exit side of slag jet).
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Figure 3: Etched metallographic section, showing oxyfuel Cut-Affected Zone.
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Figure 4: Details of CAZ, at middle thickness of cut edge, showing Vickers” hardness indentations.
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Figure 5: Micro-hardness profiles vs. distance from cut edge.
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Figure 7: Evolution of engineering stress vs. engineering strain as a function of distance from oxy-fuel cut edge, for the upper
locations of cut edge (2.5 mm below upper plate surface).
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Figure 8: Evolution of engineering stress vs. engineering strain as a function of distance from oxy-fuel cut edge, for middle thickness
location of cut edge.
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Figure 9: Evolution of engineering stress vs. engineering strain as a function of distance from oxy-fuel cut edge, for middle thickness

location of cut edge.

Fig. 10 represents the evolution of mechanical strength parameters (yield stress, ultimate tensile stress...) vs. distance from

1200

Engineering STRESS (MPa)

0.2
o5 015 \

. 0 . . . . .
0 0 0.02 004 0.06 008 0.1

Engineering STRAIN

the oxy-fuel cut, for the middle thickness location.

Fig. 11 shows the evolution of the maximum uniform strain (until necking) and fracture strain vs. distance from the oxy-

fuel cut, at the same middle location.

Fig. 12 shows the evolution of the strain hardening index vs. distance from cut, for the three studied locations: 2.5 mm
below the top surface, at the middle of the cut edge thickness and 2.5 mm above the exit side.
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Figure 10: Evolution of Vickers” hardness (converted into MPa units), yield strength, ultimate tensile and other fitting parameters with
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Figure 11: Evolution of uniform strain (necking strain), fracture of maximum strain and critical strain (of Voce’s fitting), as a function
of distance from oxy-fuel cut for the top, middle and bottom positions across the cut edge thickness.
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Figure 12: Evolution of strain hardening index (Voce’s fitting) as a function of distance from oxy-fuel cut for the top, middle and
bottom positions across the cut edge thickness.
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CONCLUSIONS

probed. It was carried out by means of mini-tensile probes, machined by WEDM, and instrumented with strain
gauges. The load carried by the strain gauge was measured (in an independent test) and these —not negligible-
loads are subtracted, before further processing of results.
Oxy-fuel heat affected zone is quite thin at the middle of the cut edge thickness (850 microns), a bit larger at the top of
the cut and very wide at the jet slag exit side (of about 2 mm). The same results are observed from the metallography and
the microhardness measurements.
Measurements of surface roughness and residual stresses vs. depth, by X-ray diffraction, are under completion.

T he technical feasibility of obtaining local flow curves (stress vs. strain) of different sheets close to a cut has been
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