N

Materials Performance and Characterization

4

al

doi:10.1520/MPC20170083 / Vol.7 / No.4 / 2018 / available online at www.astm.org

Manuscript received June 22,
2017; accepted for publication
January 4, 2018; published online
June 7, 2018.

Tampere University of
Technology, Laboratory of
Materials Science, P.O. Box 589,
FI-33101 Tampere, Finland
(Corresponding author), e-mail:
tuomas.jokiaho@tut.fi, @ https://
orcid.org/0000-0002-6419-0582

Tampere University of
Technology, Laboratory of
Materials Science, P.O. Box 589,
FI-33101 Tampere, Finland

https://orcid.org/0000-0002-
0047-3268 (S.S.-A.)

Tuomas Jokiaho,' Suvi Santa-aho,? Henri Jarvinen,? Mari Honkanen,? Pasi Peura,? and
Minnamari Vippola?

Effect of Microstructural Characteristics
of Thick Steel Plates on Residual Stress
Formation and Cracking during Flame
Cutting

Reference

Jokiaho, T., Santa-aho, S., Jarvinen, H., Honkanen, M., Peura, P., and Vippola, M., “Effect of
Microstructural Characteristics of Thick Steel Plates on Residual Stress Formation and Cracking
during Flame Cutting,” Materials Performance and Characterization, Vol. 7, No. 4, 2018,

pp. 655-674, https://doi.org/10.1520/MPC20170083. ISSN 2379-1365

ABSTRACT

Thick wear-resistant steel plates are commonly used in demanding conditions,
such as in the mining industry. In harsh environments, a high degree of both
toughness and hardness is required, which extends the service life of the
components but also makes the production of the plates difficult. Flame cutting is
a generally applied cutting method in the heavy steel industry since it enables the
cutting of thick steel plates at high production rates. However, flame cutting may
cause cracks in the cut edge of the steel plates, leading to rejects for the steel
industry and end-users. In addition, cutting generates a heat-affected zone at the
cut edge, where volumetric and microstructural changes and hardness variations
take place. A steep thermal gradient, generated during flame cutting, also produces
high residual stresses on the cut edge. The goal of this study is to examine how
microstructural features contribute to the residual stress formation and cracking
probability of thick steel plates. Specific microstructural features can make the
plates prone to cracking and tend to produce undesired stresses during the cutting
process. The residual stress profiles of flame-cut specimens were measured using
the X-ray diffraction method. In addition, the mechanical properties of steel plates
were evaluated. The microstructures of the cut edge and the base material were
characterized by electron microscopy. Results indicate that the shape of the prior
austenite grains has an effect on both the cracking probability and residual stress
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formation. Longitudinally oriented prior austenite grain boundaries combined with a
high residual tensile stress state provide potential sites for cracking.

Keywords

flame cutting, microstructure, residual stress, heat-affected zone, thick steel plate, X-ray
diffractometer, electron microscopy

Introduction

High hardness and toughness are required for thick wear-resistant steel plates, but these
properties are what make manufacturing difficult. Mechanical cutting of the plates is
demanding and slow because the plates are almost as hard as the cutting tools. For this
reason, thermal cutting methods are preferred. Flame cutting especially is a generally
applied method in the steel industry for thick and wear-resistant plates. In addition, flame
cutting is an exothermal process that generates large amounts of heat during the cutting
process, which supports the continuum of the cutting process. Therefore, it enables the
cutting of very thick plates and creates a major advantage compared to other thermal
cutting methods [1].

The flame cutting process begins with heating a small area on the steel surface up to
its ignition temperature using an oxyfuel gas flame. A jet of pure oxygen is then directed to
the locally heated area, which causes rapid burning of the heated metal, thus creating a cut
edge. In addition, the oxygen jet flushes the molten iron oxide away from the cut edge
and exposes clean surfaces for cutting [2]. Consequently, a heat-affected zone (HAZ) is
generated at the cut edge of the steel plate that is due to the formation of large thermal
gradients during the flame cutting process. Martin-Meizoso et al. [3] reported that flame
cutting of a 25-mm-thick steel plate produced higher hardness values near the cut edge
that subsequently decreased toward the base material. Wilson [4] investigated thermal
cutting of steel plates with thicknesses of 25.4, 50.8, and 101.6 mm, and it was shown
that faster cutting speeds produced a narrower HAZ with higher hardness levels. In ad-
dition, richer chemistry steel plates tended to have broader and harder HAZ. Wood [5]
noticed that flame cutting of 25-mm-thick low-carbon and low-alloy steel plates produced
highest hardness close to the cut edge and decreased the hardness values toward the base
material. The maximum hardness increased with faster cutting speeds [5]. High temper-
ature and fast cooling during cutting produced a martensitic layer on the cut edge, which
was followed by a region of tempered martensite [5]. As a common finding, hardness
variations and microstructural changes take place in the HAZ, and it was noted in all
studies that the hardness was greater near the cut edge and decreased toward the base
material.

However, flame cutting may cause cracks in the cut edge of the steel plate. The size of
the cracks can vary from micrometers to several centimeters. Generally, cracks are formed
horizontally near the centerline of the steel plate, but cracks can also propagate in the
vertical direction. The cracking tendency has been noticed to increase as the hardness
and thickness of the steel increase [6]. In addition, flame cutting produces residual stresses
(RSs) at the cut edge of the steel plate, and it has been reported [7] that high residual tensile
stresses promote crack formation. RSs are internal stresses inside the material, and they are
present even after all external forces have been removed. RSs originate from local misfits of

the material, i.e., nonuniform plastic deformation that causes elastic strains to maintain
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dimensional continuum [8]. In the case of flame cutting, the RSs can be divided into ther-
mal stresses and transformation stresses. Thermal stresses arise from different thermal
expansions and contractions of material during heating and cooling. Transformation
stresses, in turn, arise from variations in volumetric sizes of different phases and micro-
constituents. [9]

RSs are often divided into three types (I, I, III) according to the scale over which they
impact and self-equilibrate. Type I is a macrostress, which varies over large distances. This
long-range stress is often referred to as the most important one because it equilibrates over
a macroscopic distance, such as the scale of a structure. In contrast, Types II and III are
microstresses, which vary in microscopic scale, thus making their influence difficult to
predict. Type II stresses vary over the grain scale and nearly always exist in polycrystalline
structures when the elastic and thermal properties are different between differently ori-
ented neighboring grains. Type III stresses exist on atomic scale and are balanced within a
grain, such as, for example, those stresses caused by dislocations and point defects. The
measuring method has to be carefully considered as it depends on the stress type that is
being measured. Typically, most material removal methods, i.e., hole drilling, measure
only Type I stresses, as Types II and III stresses are averaged to zero in the sampled area.
In diffraction-based measuring methods, the stress value is derived from a specific wave-
length and diffraction condition. Therefore, the particular phase or grain orientation is
sampled, and Type II stress can be recorded as superimposed on the Type I stress. [8]

Previous studies have been mainly focused on the modeling of RSs, and the simu-
lation results have been verified by experimental measurements. Lindgren, Carlestam, and
Jonsson [7] investigated and simulated the RS formation in the thermal cutting of thick
steel plates. It was noticed that cutting produced a compressive stress area near the cut
edge, and there was a tensile stress peak after the compressive stress region. RS values could
be affected by changing the cutting parameters; for example, preheating produced more
compressive stress and also lowered the tensile stress peak. Similar results were found in
earlier studies [10,11] by the current author; the RS state was affected by the size of the
specimen and cutting parameters. Preheating not only lowered the tensile stress but also
increased the compressive stress area by shifting the tensile stress peak deeper in the sub-
surface. However, there is still a lack of knowledge on how RSs and crack formations are
affected, e.g., by microstructural features. The aim of this study is to investigate the effect of
microstructures on the RS formation and cracking probability and to identify the most

suitable microstructural features from the flame cutting point of view.

Materials and Methods

The experimental procedure for understanding the effect of microstructural characteristics
on RS and crack formation is presented schematically in Fig. 1. Firstly, the initial mechani-
cal properties and microstructure of the studied steels (A and B) were examined. Then the
steel plates were flame cut using different cutting speeds (150, 300, and 500 mm/min) and
ultrasonically inspected after the cutting. After the ultrasonic inspection, the RSs were
measured from the flame-cut specimens. The measured specimens were then sectioned
for hardness measurements, electron microscopy analysis (SEM, transmission electron
microscope (TEM)), and glow discharge optical emission spectroscopy (GDOES) mea-
surements. Each of these experimental steps are described more precisely in the
Materials and Experimental Procedure sections.

Materials Performance and Characterization

657



658

FIG. 1

Experimental procedure of the
study.

JOKIAHO ET AL. ON FLAME CUTTING

_ Initial Steel plates (A and B) Initial mechanlcal
microstructure properties

Flame cutting

150 mmmin || 300 mm/min || 500 mm/min
Ultrasonic
inspection

Residual stress
measurement

Hardness Microscopy
measurements || SEM, TEM

GDOES

Effect of microstructural
characteristics on residual
stress and cracking

TABLE 1
Composition of studied steel types A and B.

Steel Plates C% Si % Mn % Cr % B % Mo % Al % Ni % V % Ti %

0.15 0.62 1.10 0.62 0.0015 0.42 0.048 0.20 0.042 0.017
B 0.14 0.55 1.05 0.57 0.0012 0.36 0.044 0.19 0.039 0.013
MATERIALS

The materials examined were hot-rolled, wear-resistant steel plates (A and B), of which
steel plate A had a higher hot-rolling temperature (above 900°C) than steel plate B (below
900°C). The compositions of the studied steels are presented in Table 1. The dimension of
the flame-cut specimens were 40 by 150 by 150 mm (thickness by width by length), and
one side of each specimen was cut with an oxyfuel propane gas flame. The cutting speeds
used for the specimens were 150, 300, and 500 mm/min, and the specimens were inspected
using Phasor XS 16/16 Olympus ultrasonic equipment (General Electric, Boston, MA)
with an MSEB 4 dual probe (4 MHz) after flame cutting. Ultrasonic inspection results
were verified by repeating the inspections with two individual researchers and by section-
ing a few specimens after inspection to confirm the existence of the defects.

EXPERIMENTAL PROCEDURE

The X-ray diffraction method (XRD) was used to measure the RSs from the flame-cut
specimens. The measurement equipment was XStress 3000 (Stresstech Oy, Jyviskyla,
Finland) and the measurement method used was the modified Chi method [12]. The prin-
ciple of the method is the calculation of the interplanar lattice spacing of the ferrite [211]
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plane from the 156° Bragg diffraction angle. Different W tilts are used to measure the lattice
spacing d (where the ¥ angle is the angle between the normal of the specimen and the
normal with the diffracting plane). The RS can be calculated using the elastic properties of
the material and the slope from a plot of measured lattice spacing d as a function of sin> .
Thus, RS can be calculated from a specific measurement location by using the following

E
oy = m 1
¢ 1+o @

where 64 is the RS in the measurement direction ¢, E is the Young’s modulus, v is

equation and [13]:

Poisson’s ratio, and m is the gradient of the measured d versus sin®¥ curve. The steeper
the gradient m, the higher the RS level. The measurement parameters used are presented in
Table 2.

RS measurements were performed at the centerline of the specimens, where the
cracks are mostly formed during flame cutting. Measurements were carried out in two
perpendicular measurement directions, 0° and 90°, which correspond to the cut direction
and to the thickness direction of the specimen, respectively. The chosen directions are the
most critical orientations for crack formation. The measurement locations and directions
are shown in Fig. 2a.

An exposure time of 5 seconds was used in each RS measurement. To produce the RS
depth profiles, the material layers were removed from the measurement location with an
electrolytic polishing machine, Movipol-3 (Struers Inc., Cleveland, OH). The electrolyte used
in polishing was A2 (60 % perchloric acid, 65-85 % ethanol, 10-15 % 2-butoxyethanol, and
5-15 % water). The removed material depths were approximately 100—200 pm between each
measurement, and each polishing step was verified with a digital dial indicator. An example
of the measured RS profile is presented in Fig. 3.

TABLE 2
Measurement parameters used for XStress 3000.

Parameter Value/Unit Parameter: Value/Unit
¢ rotations (measurement directions) 0° and 90° Modulus of elasticity 211 GPa
Collimator 3 mm Poisson’s ratio 0.3

y tilt angles in one direction (side / side) 6/6 Voltage 30 kv
Maximum tilt angle 40° Current 6.7 mA
y oscillation 5° Radiation CrKa

FIG. 2

(a) RS measurement location
and directions and (b) hardness
profile location.
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FIG. 3

RS profile from flame-cut
specimen. RS and full width at
half maximum in flame-cut
direction (0°) and thickness
direction (90°).
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RS profiles include RSs and full width at half maximum values in both the flame-cut
and thickness direction. However, as most of the cracks are formed in the flame-cut di-
rection, the most critical RSs for crack formation are the ones formed in the thickness
direction (90°) of the plates. For this reason, this study concentrates on the RS formation
in the thickness direction of the plate.

Flame-cut specimens were sectioned from the centerline for microstructural analysis,
which was carried out using scanning electron microscopes (SEMs). For microstructural
analysis and hardness measurements, the specimens were ground using abrasive silicon
carbide papers and polished with 3 and 1-pm diamond suspensions. After grinding, the
specimens were etched with 4 % Nital solution. Hardness measurements of the original
structure (HV 5 kg) were carried out using a DuraScan 80 (Struers Inc., Cleveland, OH)
and the cross-section hardness profiles (HV 0.2 kg) from the flame-cut edge were per-
formed with a MMT-X7 digital microhardness tester (Matsuzawa, Akita, Japan). The lo-
cation of the hardness tests in relation to the flame-cut edge is presented in Fig. 2b. Tensile
tests in the thickness direction were carried out with an MTS 250 kN and tests were per-
formed according to SFS-EN ISO 6892-1, Metallic Materials—Tensile Testing—Part 1:
Method of Test at Room Temperature [14]. In addition, GDOES profiles were measured
from the flame-cut surfaces with a GDA 750/GDA 550 spectrometer (Spectruma Analytik
GmbH, Hof, Germany). The microstructure characterization was carried out using a
Philips XL-30 SEM (SEMTech Solutions, Billerica, MA) and an ULTRAplus field emission
SEM (ZEISS, Oberkochen, Germany).

In addition, the specimens were analyzed in SEM with an HKL Premium-F Channel
Electron Backscatter Diffraction (EBSD) system equipped with a Nordlys F400 detector
(Oxford Instruments, Abingdon, United Kingdom). The specimens used in the EBSD
measurements were sectioned and ground using abrasive silicon carbide paper and then
polished with a colloidal silica suspension (0.04 pm). A step size of 0.1 pm and an accel-
eration voltage of 20 kV were used in the EBSD analysis of cross-sectional areas measuring
209 by 144 pm. The EBSD data obtained from the original microstructure was used as
a starting point for reconstructing the grain boundaries of the prior austenite. The
reconstruction was carried out using a MATLAB-based (MathWorks, Natick, MA) iter-
ative algorithm originally developed by Nyyssonen et al. [15]. The algorithm determines an
experimental orientation relationship between martensite and prior austenite and uses that
information to reconstruct the grain boundaries of prior austenite. The script used was
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supplemented with the MTEX texture and crystallographic analysis toolbox developed by
Bachmann, Hielscher, and Schaeben [16]. A map revealing the grain boundaries was as-
sembled from the EBSD orientation pixel map by using MTEX as described in Ref. [15]. A
minimum grain boundary threshold value of 8° was applied. The prior austenite grain sizes
(PAGS) were then measured from the reconstructed grain boundary maps by mean linear
intercept.

A JEM-2010 TEM (Jeol Ltd., Tokyo, Japan) equipped with a Noran Vantage Si(Li)
detector energy dispersive spectrometer (EDS; Thermo Fisher Scientific Inc., Raleigh, NC)
was used to analyze precipitates before and after flame cutting. The TEM specimens were
prepared using an extraction replica technique: the sectioned specimen was polished by a
traditional metallographic method followed by etching (Nital 4 % solution) to remove the
matrix so that the precipitates stood proud of the specimen surface. Then, a carbon film
was evaporated on the specimen surface and scored into ~1 mm?. After this, etching con-
tinued to dissolve the matrix and the squares of the carbon film carrying the precipitates
with them were floated in distilled water and collected on copper TEM grids.

Results

SEM micrographs from the centerline of steel specimens A and B are presented in Fig. 4.
The original structure of the specimens consists mainly of lath martensite (M, shown in
Fig. 4). However, both microstructures may also contain a small amount of bainite (B,
shown in Fig. 4), which is often difficult to distinguish from a martensite structure.

Some of the prior austenite grains can be distinguished in steel specimens A and B.
However, the martensite and prior austenite grain structures are difficult to evaluate and
compare from the SEM micrographs. For further investigation, an EBSD analysis was
made for both steels, and the prior austenite grain boundaries (PAGBs) were constructed
as previously described. The reconstructed PAGBs from the original microstructures of
specimens A and B are presented in Fig. 5.

EBSD analysis and reconstruction of the prior austenite grains were used to calculate
the PAGS and to evaluate the microstructures of the specimens using an 8° minimum
grain boundary threshold. The PAGS of specimens A (Fig. 5a) and B (Fig. 5b) are
53 pm and 34 pm, respectively. Steel A has equiaxed prior austenite grains with few packet
boundaries inside the grains. In contrast, the prior austenite grains in Steel B are elongated

FIG. 4 SEM micrographs of steel specimens (a) A and (b) B. Arrows indicate examples of martensite (M) and bainite (B).
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FIG. 5 Reconstructed PAGB maps for specimens (a) A and (b) B. PAGBs are superimposed on EBSD band contrast images as black
lines. The red and green lines show the packet and block boundaries of martensite, respectively. (For interpretation of the
references to color in these figures, the reader is referred to the web version of this article.)

TABLE 3

Initial mechanical properties for Steels A and B. Tensile strength (R,,) corresponding to the
maximum force and reduction of the area at fracture (Z %) in tensile tests. PAGS is expressed as the
mean linear intercept (L) calculated from EPSD data.

Steel Grade Hardness (HV 5kg) R,, (MPa) Z % PAGS L, (um)
399 1,217 51 53
B 414 1,184 53 34

in the horizontal direction with more packet boundaries. In addition, Steel B has more
block boundaries and a denser martensitic block structure compared to Steel A.

The initial mechanical properties of Steels A and B were tested by means of hardness
measurements and tensile tests. The results presented in Table 3 show that there is only a
small variation in hardness values and tensile properties between Steels A and B. To sum-
marize, the mechanical properties of the original structures are similar for both steels.
However, as noted previously, significant differences were observed in their microstruc-
tural features, especially in the prior austenite grain morphologies of Steels A and B.

FLAME CUTTING EXPERIMENTS

Steel specimens A and B were flame cut using three different cutting speeds: 150, 300, and
500 mm/min. Microstructural characterization showed that all the tested flame cutting
speeds created a HAZ at the cut edge of the steel plate. In addition, three distinct micro-
structural regions (presented in Fig. 6) were identified from the HAZ in all the studied
specimens a newly formed martensite region, a two-phase region, and the tempered origi-
nal structure.

These regions have typical features that are present in all the studied flame-cut
specimens. The region closest to the cut edge is fully austenized during the flame cutting
and transforms into martensite during rapid cooling. An example micrograph of the
martensite region formed close to the cut edge is presented in Fig. 7. The martensite region
near the cut edge consists of martensite laths and autotempered martensite regions
(indicated by arrows in Fig. 7), containing acicular-shaped cementite (Fe;C) particles
[17]. Martensite transformation occurs between the martensite start (M,) and martensite
finish (M) temperatures, which depend on the carbon content and alloying of the steel.
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FIG. 6 SEM micrograph of the HAZ showing the newly formed martensite (1.), two-phase region (2.), and tempered original
structure (3.).
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FIG. 7

SEM micrograph of a newly
formed martensite region close
to the cut edge. This region
consists of a mixture of
martensite laths and
autotempered martensite
(indicated by arrows)
containing acicular-shaped
FesC.

2 um EHT = 5.00 kV Signal A = InLens
WD = 5.0mm

Therefore, the martensite that formed close to the M, temperature is exposed to tempering
conditions during the remaining quench cycle, which is called autotempering. The effect of
autotempering increases with lower carbon content (lower carbon steels have a higher M)
and a reduction in quench severity (increasing the time that fresh martensite is exposed to
elevated temperatures) [18].

After the newly formed martensite, there is a two-phase region, which is a mixture of
newly formed martensite and tempered original structure. An example structure of the
two-phase region is presented in Fig. 8. The two-phase region is partly austenized during
flame cutting and the austenization occurs heterogeneously at the PAGBs, while the rest of
the structure is heavily tempered. During cooling, austenite forms a fine martensite lath
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FIG. 8

SEM micrograph of the two-
phase region containing both
newly formed martensite and
tempered original structure.

EHT = 5.00 kV Signal A = InLens
WD = 5.0 mm

structure, which creates martensitic chains in the PAGBs while the original structure inside
the prior austenite grains is tempered.

After the two-phase region, there is the tempered original structure, which is presented
in Fig. 9. The original structure is the most tempered in the two-phase region that undergoes
the highest temperatures during flame cutting without austenizing. The tempering effect

FIG. 9

SEM micrograph of tempered
original structure containing
fine dispersed FesC particles
(white dots).

WD = 5.0 mm
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FIG. 10 Microstructural regions of the cut edge (newly formed martensite (1.), two-phase region (2.), and tempered region (3.)) from

specimens A and B after 150, 300, and 500 mm/min of flame cutting. The measured RS profiles in the thickness direction are
represented for each specimen.

800 ¢ -
600 |
400 |

200 §-

Residual stress [MPa]

0 05 1 5 2 25 0 0.5 1 15 2 25
Depth [mm] - Depth [m

Residual stress [MPa]

0 0.5 1 1.5 2 25 0 05 1 15 2 25
Depth [mm] ) Depth [mm]

Residual stress [MPa]

o 05 1 15 2 25 o 05 1 15 2 25
Depth [mm] Depth [mm]

gradually decreases as it goes deeper into the subsurface. The fine structure of dispersed Fe;C
particles can be seen throughout the tempered region. The number of Fe;C particles decrease
deeper from the cut edge as the tempering of the structure decreases.

Microstructures of the cut edge and two-phase region are presented in Fig. 10
for specimens A and B after flame cutting was performed at speeds of 150, 300, and
500 mm/min. Additionally, Fig. 10 shows the measured RS profiles in the thickness
direction for each specimen.
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FIG. M

JOKIAHO ET AL. ON FLAME CUTTING

The microstructures of the flame-cut edges (Fig. 10) indicate that the newly formed
martensite region (1.) is wider near the cut edge at slower cutting speeds. As the cutting
speed increases, the thickness of the newly formed martensite layer decreases. The heat input
is higher at slower cutting speeds and, for this reason, the fully austenized region reaches
deeper into the subsurface compared to faster cutting speeds. Similar observations can be
made for the two-phase regions (2.), which are presented in Fig. 10. The two-phase region
is the widest at a cutting speed of 150 mm/min while a cutting speed of 500 mm/min
produces the narrowest two-phase region. Additionally, the two-phase regions of the spec-
imens highlight the prior austenite grain structure (martensite formation at the PAGBs)
and similar observations can be made from both the two-phase region and the recon-
structed EBSD images (Fig. 5). The two-phase regions of Steel A consist of prior austenite
grains with equiaxed morphology, while the same regions of Steel B contain prior austenite
grains with clearly elongated morphology. In addition, Fig. 10 plainly shows the gener-
ation of RSs in different microstructural regions of the cut edge. The martensite trans-
formation occurring near the cut edge (1.) creates compressive stress. After that, the
RS values start to increase and transform into tensile stress within the two-phase region
(2.). The highest RS values are attained in the tempered region (3.).

The RS profiles shown in Fig. 10 are collected in Fig. 11 for further comparison. In
flame cutting, the RSs are caused by the thermal shock (thermal stresses) and microstruc-
tural changes (transformation stresses) that are produced by the high temperatures and
fast cooling during the cutting process.

As previously mentioned, martensite transformation creates a compressive stress
region near the cut edge of the steel plates (Fig. 11). The extent and the values of the
compressive stress region depend on the cutting speed. A slow cutting speed produces
a wider compressive stress region (it shifts the tensile stress peaks deeper into the subsur-
face) and more compressive stress compared to faster cutting speeds. After the compres-
sive stress region, the RS levels start to increase and finally form tensile stress peaks in
the tempered region. As can be seen in Fig. 11, the tensile stress peaks generated in
Steel A are smaller in comparison with Steel B. In Steel B (Fig. 11b), the tensile stress

RS profiles (thickness direction) measured for steel specimens (a) A and (b) B at cutting speeds of 150, 300, and 500 mm/min.
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]
FIG. 12 Hardness profiles (HV 0.2 kg) from the cut edges of specimens (a) A and (b) B at cutting speeds of 150, 300, and
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peak values are approximately 600 MPa in all the specimens. In contrast, the tensile stress
peak values of Steel A (Fig. 11a) are approximately 100-150 MPa lower than in Steel B.

Fig. 12 presents the measured hardness profiles from the flame-cut edges of specimens
A and B at cutting speeds of 150, 300, and 500 mm/min. The newly formed martensite region
has the highest hardness levels near the cut edge in both steels. As the two-phase region starts,
the hardness values gradually reduce as the content of newly formed martensite decreases
and the fraction of tempered structure increases. The lowest hardness values are attained at
the end of the two-phase structure where the original structure is the most tempered. After
that, the hardness values start to increase toward the original hardness values. Fig. 12
indicates that the cutting speed has a role in determining the width of the area of the mar-
tensite region near the cut edge in both specimen materials. A faster cutting speed produces a
narrower martensite region than slower cutting speeds. For this reason, hardness values start
to decrease deeper in relation to the cut edge (as the two-phase region starts) at a cutting
speed of 150 mm/min. In Steel A (Fig. 12a) there is some scatter in the hardness values in the
tempered region and the 300 mm/min cutting speed shows higher values than those at cut-
ting speeds of 150 and 500 mm/min. This might be due to segregation occurring in the hot
rolling of the steel plates. Segregation can locally increase the hardness values and may create
local hardness peaks in the hardness profiles. Similar hardness fluctuations can also be seen in
Steel B, which is flame cut at 150 mm/min (Fig. 12b). The hardness changes from low
(350 HV 0.2 kg) to high values (500 HV 0.2 kg) rapidly over a short distance.

GDOES profiles and SEM micrographs from the cut surfaces of Specimens. A and B
are presented in Fig. 13. Both specimens were flame cut at a cutting speed of 300 mm/min.
The GDOES profiles show that a thin iron oxide layer is formed in the cut surface during
flame cutting. In addition, the cut surface is partly melted during the flame cutting process
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FIG. 13
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because of heat conduction and the molten region is enriched with carbon, molybdenum,
and nickel. In addition, a small content of enriched titanium is present in the cut surface.

However, results show that manganese, chromium, and silicon are burnt out from the cut
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surface during the flame-cut process. A relatively high content of nitrogen, obtained in the
cut surface, is most likely the result of diffusion from the atmosphere. The SEM micrographs
in Fig. 13 show the partly molten surface region (grey areas in the cut surface without a clear
microstructure). In general, the GDOES profiles from Specimen A and B are quite similar.
The oxygen content near the cut edge is higher in Specimen B than in Specimen A. In
contrast, the nitrogen level is lower in Specimen B compared to Specimen A.

The characterization of carbon extraction replicas was carried out for both as-received
and flame-cut specimens. The carbon extraction replicas showed that both the original and
the flame-cut specimens contained evenly distributed precipitates in the size range of
10-60 nm. The total investigated area was 136 pm” in each specimens. Steel specimen
A contained 18 precipitates per 10 pm? Specimen B contained 17 precipitates per
10 pm?, and flame-cut steel contained a similar amount of precipitates. This result indi-
cates that precipitates were already formed during the manufacturing process and are not
affected by flame cutting. The EDS analyses performed for individual precipitates indicate
that they are titanium-rich precipitates. TEM micrographs and selected area electron dif-
fraction (SAED) pattern of extraction replica specimen from steel A are presented in
Fig. 14. SAED patterns indicate that the structure of the precipitates is a cubic rock salt
structure (space group Fm3m) which is a common structure for titanium carbides,
titanium nitrides, and titanium carbonitrides (International Centre for Diffraction
Data [ICDD], PDF-4+ 2015 database, 00-031-1400, 00-038-1420, 00-04201488).

After flame cutting, the specimens were inspected with ultrasound by two individual
researchers, and the results are presented in Fig. 15. The ultrasonic inspection results
clearly show that Steel B has a higher cracking tendency than Steel A. With the same
amount of inspected cut surfaces (total cut edge length 4,800 mm), Steel A has 3 cracks
(1 crack/1,600 mm) and Steel B has 14 cracks (1 crack/350 mm). The cracks located hori-
zontally in the tempered region below the cut surface are according to the ultrasonic
inspection results and the analysis of a few sectioned cracked specimens.

Discussion

Wear-resistant steel plates with two different microstructures were investigated to study
the effect of microstructural features on the RS formation and cracking that was due to

FIG. 14

TEM analyses for the extraction
replica specimen from Steel A.
The amount of precipitates was
not reduced or changed during
flame cutting.
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FIG. 15

Ultrasonic-inspected flame-cut
specimens of Steels A and B.

m |[nspected cut
edges
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flame cutting. The chemical compositions and initial mechanical properties were approx-
imately the same between the studied steels. As the microstructural analysis showed, the
main difference in the studied steels was the prior austenite grain structure that was due to
the different production histories. Steel A (equiaxed steel) consisted mainly of equiaxed
prior austenite grains with few packet boundaries inside the grains, whereas the Steel B
(elongated steel) contained elongated prior austenite grains in the horizontal direction
with more packet boundaries. In addition, elongated steel had more block boundaries
and a denser martensitic block structure compared to equiaxed steel. Generally, the mar-
tensite packet and block size are determined by prior austenite grains [19,20]. Additionally,
the denser martensite blocks and packets in elongated steel compared to equiaxed steel
may be caused by the bainite transformation that has taken place before martensite trans-
formation. The formation of bainite refines subsequent martensitic packets and blocks,
which has been reported [21] to increase the barriers to crack propagation. From the crack
propagation point of view, it has been found [22] that existing boundaries in the marten-
sitic structure are beneficial because they act as obstacles to crack propagation. Although
both packet and block boundaries act as obstacles, it has been observed that packet boun-
daries deflect more cleavage cracks than block boundaries. The reason for this is the crys-
tallographic misorientations of packet boundaries, which are bigger than block boundaries,
and the fact that more energy is needed for the crack to cross packet boundaries. [22]
However, PAGBs have been shown [19] to be the most effective barriers for crack propa-
gation because they have a relatively high angle compared to other boundaries; in fact, a
crack was observed to change direction as it encountered a PAGB. In the present study, the
PAGS is larger in equiaxed steel than in elongated steel, which has more grain boundaries.
However, the horizontally elongated PAGBs may act as potential paths for crack propa-
gation rather than obstacles. Despite the bigger grain size, the equiaxed prior austenite
grains would create more obstacles in the vertical direction in comparison with grain
boundary chains as in elongated steel.

Flame cutting created three types of microstructural regions in the HAZ of the cut
edge. A martensite region was formed closest to the cut edge. This region was fully auste-
nized during flame cutting and, during cooling, formed martensite. After the martensite
region, there was a two-phase region that partly austenized during flame cutting. The
austenitization in the two-phase region occurred heterogeneously in the PAGBs, while

the rest of the structure was tempered by the heat from the flame-cut process. After the
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two-phase region, there was a tempered original structure in which the tempering effect
gradually decreased as it went deeper into the subsurface. Generally, tempering is divided
into four stages [23]. The first stage (<250°C) includes the redistribution of carbon
atoms and precipitation of transition carbides such as € (Fe, 4C). However, it has been
stated [24] that in low-alloy steels only the redistribution of carbon occurs in the first
stage of tempering without e-carbide formation. In the second stage (200°C-300°C),
decomposition of retained austenite occurs. The third stage (200°C-350°C) involves
the formation of Fe;C particles, which most likely nucleate in e-iron carbide interfaces
and in both the interlath boundaries of martensite and the PAGBs. In the fourth stage
(>350°C), Fe;C particles coarsen and spheroidize. [23] However, in the present study,
the tempering process could take place only for a very short time at high temperatures
near the cut edge during flame cutting. The migration of trapped carbon atoms occurs
within a short period of time. As the carbon content of the studied steel is low, it is
assumed that e-carbide precipitation does not occur. Fe;C formation, in turn, starts
as the temperature rises above 200°C. However, it seems that there is not enough time
for any significant coarsening of Fe;C particles, which leads to a fine, dispersed Fe;C
structure.

The martensite region had the highest hardness of all three regions; however, it
started to decrease in the two-phase region. The lowest hardness values were in the tem-
pered region, which followed the two-phase region, and after that, the hardness gradually
increased deeper into the subsurface. According to Wood [5], the hardness of the surface
region increases with faster cutting speeds. This was explained by the HAZ microstruc-
tures that were identified as a bainite with a slower cutting speed and as a martensite with a
faster cutting speed. The present study shows that the hardness values in the surface region
(>0.8 mm) were approximately the same with all studied cutting speeds. The reason for
this is that the cooling conditions with all used cutting speeds produce similar kinds of
martensite structures close to the cut edge.

According to a study by Lindgren, Carlestam, and Jonsson [7], flame cutting created a
compressive or low tensile stress region (>1 mm) near the cut edge, which was followed by
a tensile stress peak (2-3 mm below the surface). It was also stated that RS can be affected
by chancing the cut parameters, for example, by using preheating. Similar results were also
found in earlier studies by the current author [10,11], which state that the RS levels could
be affected by using different cutting parameters, such as cutting speed. The present study
shows that the shape of the RS profiles (compressive region near the cut edge followed by
tensile stress peak) are similar to those in the previous studies [7,10,11]. In addition, it can
be clearly seen how RS levels are chanced depending on the microstructural region in the
HAZ. The martensite region produced residual compressive stress near the cut edge, and
the RS changed from compressive to tensile stress in the two-phase region. The highest
tensile stress values were in the tempered region following the two-phase region. As the
cutting speed increases, the width of the martensite and two-phase region decreases be-
cause of the lower heat input created by the flame cutting process. In addition, a slower
cutting speed produced more residual compressive stress in the cut edge compared to a
faster cutting speed. According to the author’s earlier study [11], the reason for this is
that a fast cutting speed produces higher temperature differences in the cut edge during
flame cutting compared to a slow cutting speed. The heating stage creates a thermal
shock, which causes high thermal tensile stress (that is caused by uneven plastic strain
due to the thermal expansion and contraction that occurs during flame cutting) close to
the cut edge. The thermal shock is greater at faster cutting speeds and, for this reason,
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produces more thermal tensile stress in the surface. During cooling, the austenized sur-
face region forms martensite, leading to the structural expansion of the surface area,
which is partly restrained by the inner structure. The expansion caused by martensite
formation changes the thermal tensile stresses that are in the surface to compression
stresses. As the thermal shock (and thermal tensile stress) is higher at faster cutting
speeds, the martensite expansion creates less compressive stress in the surface region
than it would at a slower cutting speed.

Equiaxed steel produced lower tensile stress peaks compared to elongated steel. In
elongated steel, the tensile stress peak values are approximately 600 MPa in all the
specimens. In contrast, the tensile stress peak values of equiaxed steel are approxi-
mately 100-150 MPa lower than in elongated steel. The RS results indicate that
the microstructural features of equiaxed steel produce less tensile stress in the cut
edge compared to elongated steel. Studies have shown [25] that dislocation pileups
exist in the vicinity of grain boundaries and affect the local RS levels. A dislocation
pileup creates a local stress peak in the grain boundary, and the RS levels monoton-
ically decrease with increasing distance from the grain boundary. Elongated steel has
more high-angle grain boundaries present in the vertical direction compared to equi-
axed steel, which might create local stress peaks in the structure. In addition, the elon-
gated shape of the grains indicate that the structure contains more dislocations in
comparison with equiaxed prior austenite grains. As a result, the local stress peaks
that are formed in the grain boundary level (Type II RS) may be superimposed in
the measured RS profiles (Type I RS) thus creating higher tensile stress levels in elon-
gated steel compared to equiaxed steel.

The ultrasonic inspection results showed that elongated steel contained more cracks
than those contained in equiaxed steel. The cracks were located in the tempered region
below the cut surface, which also contained the highest residual tensile stresses. These
results indicate that the combination of high residual tensile stress with the microstruc-
tural features observed from elongated steel led to an enhanced cracking tendency in
comparison with equiaxed steel. The results of this study indicate that the horizontally
elongated grain structure is unbeneficial in both RS and crack formation points of
view. The elongated prior austenite grain—structured steel produced higher tensile stress
peaks during flame cutting compared to steel, which consisted of equiaxed prior aus-
tenite grains. In addition, elongated prior austenite grain structures create long parallel
grain boundary chains, which can act as possible paths for crack formation. The sus-
ceptible microstructure of elongated prior austenite grains associated with the high
residual tensile stresses formed during flame cutting make the steel plate vulnerable
to crack formation.

Conclusions

Wear-resistant steel plates with two different microstructures were investigated to study
the effect of microstructural features on the RS formation and cracking that is due to flame
cutting. The following conclusions can be made from this study:

(1) The flame cutting process creates three types of microstructural regions in the HAZ
of the cut edge: the martensite region, two-phase region, and tempered original
structure. The depth of these regions was shown to depend on the cutting speed.
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(2) Different microstructural regions have different hardness and RS values. The mar-

tensite region closest to the cut edge is the hardest and tends to produce compres-
sive RS. In the two-phase region, the hardness values decrease, and RS values start
to increase as the newly formed martensite region is mixed with the tempered origi-
nal structure. The original structure, which is tempered during the flame cutting
process, has both the lowest hardness values and the highest residual tensile stress
values.

(3) Equiaxed prior austenite grains produced lower tensile stress peaks compared to

steel with horizontally elongated prior austenite grains.

(4) Elongated prior austenite grain—structured steel was more prone to cracking com-

pared to equiaxed steel. Horizontally elongated PAGBs can act as potential paths
for crack propagation. Equiaxed prior austenite grains created more obstacles in
the vertical direction in comparison with grain boundary chains found in elongated
prior austenite grain structures.

(5) Prior austenite grain structures have an effect on both the RS formation and the

probability of cracking. The combination of elongated prior austenite grains and
high-residual tensile stresses makes steel plates more prone to crack formation dur-
ing the flame cutting process.
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