Cracking and Failure Characteristics of Flame Cut
Thick Steel Plates
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The manufacturing of thick wear-resistant steel plates commonly leads to a layered structure
and non-uniform properties in the thickness direction which makes the processing and
utilization of the plates problematic. The processing steps of thick plates include flame cutting,
which generates a heat-affected zone and high residual stresses into the cut edge. In the worst
case, the cutting causes cracking. However, the residual stress level alone is not high enough to
break a wear-resistant steel plate that behaves normally. Therefore, high-tensile stress also
requires a microstructurally weak factor for crack initiation. For this reason, the main objective
of this study is to reveal the main microstructural reasons behind the cracking of plates in flame
cutting. To achieve this, plate samples containing cracks are mechanically tested and analyzed
by electron microscopy. The results show that cracks are commonly formed horizontally into
the tempered region of the heat-affected zone. Cracks initiate in the segregations, which typically
have a higher amount of impurity and alloying elements. Increased impurity and alloying
content in the segregations decreases the cohesion of the prior austenite grain boundaries. These

weakened grain boundaries combined with high-residual tensile stress generate the cracks in the
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flame-cutting process.
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I. INTRODUCTION

THE fabrication and solidification processes of thick
wear-resistant steel plates are complex. In thick plates,
cooling can occur unevenly and the solidification in
continuous casting can be at different stages at different
depths of the plate. This leads to the partition of solutes
between liquid and solid phases because the solubility of
the solutes is higher in the liquid phase than in the solid
phase. As a consequence, the solid phase rejects the
excess solutes at the solid-liquid interface and they are
transferred into the coexisting liquid phase. This creates
an enrichment of solutes in the remaining liquid during
solidification and the last solidified regions have a
significantly higher solute content compared to the
nominal composition of the steel.l'?) These solute-en-
riched regions, known as segregations, are then pressed
during rolling into the form of a thin sheet or strip, thus
causing a layered structure in the thick plate. Segrega-
tions are typically formed in the center region of the
plate and it has been found!” that they contain

T. JOKIAHO, S. SANTA-AHO, P. PEURA, and M. VIPPOLA
are with the Materials Science and Environmental Engineering,
Faculty of Engineering and Natural Sciences, Tampere University,
P.O. Box 589, 33014 Tampere, Finland. Contact e-mail:
tuomas.jokiaho@ tuni.fi

Manuscript submitted 14 August, 2019.

Article published online January 30, 2020

1744—VOLUME 51A, APRIL 2020

significantly higher amounts of carbon, phosphorus,
and manganese compared to the nominal composition
of the steel. Another study showed [*! that center
segregations have elevated concentrations of carbon
(©), silicon (Si), manganese (Mn), chromium (Cr), nickel
(Ni), and molybdenum (Mo). Both studies showed that,
relatively, carbon had the highest increase in segrega-
tions and it was shown that the amount and severity of
the segregation de?ended on the manufacturing param-
eters of the plates.!')

Due to the segregations and layered structure, the
mechanical properties of thick plates can be significantly
different, depending on the location in the thickness
direction; commonly, the properties deteriorate towards
the center.”>* In addition, it has been shown!** that
mechanical properties decline with increasing plate
thickness. Thicker plates tend to have more segregations
in the center re(%ion compared to thinner plates. In a
previous study,” the segregation locations were found
to have lower impact toughness and the fracture
surfaces of the test samples showed more signs of brittle
behavior compared to the surrounding regions.

The manufacturing and processing of thick plates
include cutting. The most commonly applied cutting
method is flame cutting, which is suitable for thick and
hard steel plates and high production rates. The cutting
is performed with a heating flame and oxygen jet, which
creates continuous chemical reactions between iron and
oxygen. Flame cutting creates a heat-affected zone

METALLURGICAL AND MATERIALS TRANSACTIONS A


http://orcid.org/0000-0002-6419-0582
http://orcid.org/0000-0002-0047-3268
http://orcid.org/0000-0002-8529-0160
http://orcid.org/0000-0001-5897-0796
http://crossmark.crossref.org/dialog/?doi=10.1007/s11661-020-05639-x&amp;domain=pdf

(HAZ) at the cut edge of the steel plate which entails
microstructural changes and hardness variations. The
HAZ consists of three different microstructural
regions!”: a newly formed martensite region, a two-
phase region, and a tempered region. These three
microstructural regions also determine the hardness
profile of the cut edge. The hardness is the highest in the
newly formed martensite region. The hardness decreases
in the two-phase region as the martensite is mixed with
the tempered original structure. The lowest hardness
occurs just after the two-phase region and then the
hardness gradually increases as the tempering of the
original structure decreases while going deeper toward
the subsurface.*”) Both the hardness and the
microstructure of the tempered region depend on the
original microstructure of the steel plate.!®

In addition to microstructural changes and hardness
variations, flame cutting causes high residual stresses in
the cut edge of the steel plate. Residual stresses arise
from local structural constraints inside the material or
component. For example, local plastic deformation or
local volume change are equilibrated by elastic strains to
ensure dimensional continuity. In flame cutting, residual
stresses can be divided into two types: thermal and
transformation stresses. Thermal stresses originate from
the different heating and cooling rates experienced by
the surface and the interior of the steel plate.’®! Trans-
formation stresses arise from different microstructural
transformations, which are accompanied by volume
changes.®! Previous studies®”* """ have shown that
flame cutting causes both residual compressive stress
and high-tensile stress in the cut edge of the steel plate.
The compressive stress is produced in the martensite
region close to the cut edge and it is followed by
high-tensile stress region in the tempered region.[”) The
magnitude of the stresses and the width of these regions
can be affected by the flame cutting parameters,”'"
grain structure,l”) and the thickness of the plate.l®’

In the worst case, flame cutting causes cracking of the
cut edge. Cracks have been observed!”! to form close to
the centerline of the plates. Generally, the cracks are a
few millimeters in length but on rare occasions they can
also propagate catastrophically through the whole plate.
The smaller cracks are mostly formed just beneath the
cut surface and are usually detected by ultrasonic
inspection. Crack formation is exacerbated by residual
tensile stresses while compressive stresses have the
reverse effect. The microstructural features involved in
residual stress formation and cracking behavior were
evaluated by the current author in a previous study.[”) It
was shown that an elongated prior austenite grain
structure is more susceptible to cracking than an
equiaxed prior austenite grain structure. The reason
for this is that the elongated grain structure creates long,
parallel prior austenite grain boundaries that can act as
potential crack paths. In addition, the tendency for
cracking increases as the plate thickness increases due to
the higher number of segregations in thicker plates.[ In
addition, cracking of martensitic steels is often related to
temper martensite embrittlement (TME) or temper
embrittlement (TE).'*'* TME occurs in tempering at
around 300 °C and is associated mainly with the
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formation of cementite at the interlath boundaries of
the martensite or at the prior austenite grain boundaries.
TE occurs after tempering or cooling through a tem-
perature range of around 500 °C and is associated
mostly with segregation of impurities, such as antimony,
phosphorus, tin, and arsenic into the prior austenite
grain boundaries. Many studies!'> ' have concentrated
on phosphorus, as it can be very detrimental for steel,
even in trace amounts. However, the segregation of
phosphorus and the cohesion of grain boundaries are
also heavily affected by alloying elements.”” The
interaction of impurity and alloying elements has an
effect on their segregation into the grain boundaries and
eventually on the grain boundary cohesion. For exam-
ple, nickel, manganese, and chromium strongly co-seg-
regate with phosphorus and increase the risk of TE. In
contrast, molybdenum also has a strong interaction with
phosphorus and has a beneficial effect on TE by
preventing phosphorus segre&ation and increasing the
grain boundary cohesion.!">?" In addition, hydrogen is
typically very harmful for these kind of applications and
the hzydrogen embrittlement is a widely studied
topic.’! ¥ However, hydrogen embrittlement also
requires susceptible microstructure and stress state
which are the mainly focused in this study.

Although flame cutting generates high-residual tensile
stresses, they are not high enough alone to break the
thick wear-resistant steel plate in normal conditions
(without flame cutting). For this reason, there are
unknown microstructural factors that contribute to
crack formation in flame cutting besides residual stress.
The objective of this study was to identify the main
factors behind the crack formation in flame cut heavy
steel plates. To achieve this, flame cut plate samples
containing cracks were studied by electron microscopy
and mechanical testing. The findings of this study aim to
reduce cracking, and therefore, improve the flame
cutting of thick plates in the steel industry and among
end users. In addition, the results will significantly
increase the effectiveness and productivity of the flame
cut process.

II. EXPERIMENTAL PROCEDURE

The investigated samples were industrial continuously
cast and hot-rolled, wear-resistant steel plates with
thicknesses of 40 and 60-mm. The plates were manu-
factured using two different hot-rolling practices: at
higher rolling finish temperature (condition A, above
900 °C) and lower rolling finish temperature (condition
B, below 900 °C). One side of the samples was flame cut
with an oxyfuel propane gas flame (sample dimensions:
thickness 40 or 60-mm, width 150 mm, and length 150
mm). Figure 1 illustrates the flame cut sample with the
dimensions and test locations. After flame cutting, the
samples were ultrasonically inspected with a Phasor XS
16/16 Olympus with a MSEB 4 dual probe (4 MHz) to
reveal cracks from the cut edge. The above-described
samples that contained cracks were further studied, and
therefore, were the main focus of this study. Table I
presents the nominal composition (analyzed by optical
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Fig. 1—Flame cut sample with dimensions, flame cut edge and the test locations.

Table I. Chemical Composition of the Studied Steels

Weight Percent

Thickness (mm) C Si P v Cr Mn Mo
Steel A 40 0.15 0.62 0.01 0.04 0.62 1.10 0.42
Steel B 40 0.14 0.55 0.01 0.04 0.57 1.05 0.36
Steel A 60 0.16 0.61 0.01 0.04 0.60 1.09 0.40
Steel B 60 0.14 0.60 0.01 0.04 0.61 1.07 0.40

emission spectrometry (OES)) and thickness of the
studied samples.

After ultrasonic inspection, the studied samples were
sectioned and prepared for scanning electron micro-
scopes (SEMs) and for hardness measurements. The
sectioned samples were ground with abrasive SiC papers
and polished with 3- and 1-um diamond suspensions.
After polishing, the samples were etched with 4-pct Nital
solution. Microstructural characterization was per-
formed with a Zeiss ULTRAplus field emission SEM
(FE-SEM), which was equipped with an X-MaxN 80
(Oxford Instruments) Energy-Dispersive X-ray Spec-
trometer (EDS). The sectioned samples were also
utilized in hardness profiling (HV 0.2 kg), which was
done using a Matsuzawa MMT-X7 digital microhard-
ness tester. In addition, the hardness profile (HV 5 kg) in
the thickness direction was performed with a Struers
DuraScan 80.

The studied 60-mm steel plates were tested with
Charpy V-notch impact tests and fracture toughness
tests. The impact tests were performed according to
EN-ISO 148-1 standard®® and the samples were sec-
tioned into square bars in the thickness direction with
dimensions of 10 mm x 10 mm x 55 mm. That is, the
anticipated fracture plane coincided with the center
plane of the steel plate. It should be noted that this
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orientation of Charpy specimens could be achieved only
for 60-mm, the plate thickness was insufficient in case of
thinner plates (for specimen length of 55 mm). The test
temperatures were — 10, 0, 22, and 60 °C and the
presented results are an average of at least three
repetitions. The tests were performed on samples with
an as-rolled initial microstructure and with a heat-
treated structure. Heat treatments were designed to
simulate the conditions of the tempered region of flame
cut samples and were performed in a furnace under
normal atmosphere. In heat treating, the samples were
held for 70 minutes in the furnace at a temperature of
300 °C (marked ht300) and cooled to room temperature
freely in air. In addition to impact tests, the steel samples
were tested for fracture toughness in the thickness
direction according to the ASTM EI1820 standard.[*®
Fracture tests were performed at temperatures of — 40,
— 20, 0, and 22 °C and the presented results are an
average of three tests. The tests were done on the
samples with the initial microstructures and with the
heat-treated structures. The fracture toughness test
samples were held for 70 minutes in the furnace at
temperatures of 300 and 600 °C (marked ht300 and
ht600, respectively). These temperatures were chosen as
they often cause tempered martensite embrittlement
(300 °C) and temper embrittlement (600 °C).
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In addition, the residual stress states were measured
from some of the cracked samples. The residual stress
measurements were performed with an XStress 3000
X-ray diffractometer and the measurement method used
was the modified Chi method.””) The residual stress
measurement procedure has been described more pre-
cisely in previous studies.”””!'” The residual stress
measurements were done in both the flame cut direction
(0 deg) and the thickness direction (90 deg). However,
the residual stresses in the thickness direction are the
most important and are focused on in this study as
cracks are generally formed in the horizontal direction.

III. RESULTS

The focus of this research is on 40- and 60-mm-thick
plates that were cracked in flame cutting. These plates
were manufactured using previously described hot-rol-
ling practices A and B. The main difference between
these two rolling practices is that A produced equiaxed
prior austenite grains and B horizontally elongated prior
austenite grains.[”) In addition, it is generally known that
the cooling conditions of thick plates are not homoge-
nous in the thickness direction, thus resulting in different
microstructures at different depths. For the 40-mm
plates, both rolling practices produced microstructures
containing a mixture of bainite and martensite in the
center region and mostly martensite at the “a thickness
of the plate. However, for the 60-mm plates, the
microstructure was mostly bainite in the center region
and a mixture of bainite and martensite at the Y
thickness. Figure 2 presents the microstructures from Y2
and Y. depths of the 40- and 60-mm plates.

Figure 3 shows an example of a typical crack formed
in centerline of the 40-mm-thick plate (steel B) and the
residual stress state measured from a non-cracked
location. In addition, Figure 3 shows the typical
microstructural regions formed during flame cutting:
newly formed martensite (1), two-phase region (2), and
tempered region (3). The crack is located in the
tempered region (3) where the highest residual tensile
stress values are also found (~ 600 MPa).

Figure 4 shows the hardness profiles and measure-
ments around the crack and the cut edge. The hardness
profiles (1 to 5) from the cut edge toward the base
material show the typical hardness variations occurring
due to microstructural changes caused by flame cutting.
However, the profiles closer to the crack (1 and 2) show
higher hardness in the tempered region (1.5 to 3 mm)
than the other profiles (3 to 5).

Segregations are known to produce locally harder
regions in the structure.[*?®! Segregations here consist of
a fully martensitic structure and areas surrounding the
segregations have a mostly bainitic structure. In addi-
tion, segregations may contain inclusions and precipi-
tates. Figure 5 presents examples of the segregations,
inclusions, and precipitates found in the studied steels.
The segregations, inclusions, crack location, precipi-
tates, and the segregation surroundings were studied by
EDS. Figure 6 shows the EDS line scan results from the
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segregation and it can be seen that the amount of Mo,
Cr, Si, Mn is at least doubled in the segregation region
compared to the surrounding structure. In addition, the
EDS measurements showed that the segregations con-
tained also elevated amounts of V and P. The inclusions
contained even higher amounts of Mo and P compared
to the segregations. The precipitates were rich in Ti and
N, which indicates that the precipitates were titanium
nitrides. Figure 7 compares the wt pct of Si, P, V, Cr,
Mn, and Mo in the inclusions, segregations, close to the
crack, and in the surroundings for the 40-mm-thick steel
B. The bars show the average value for each element and
the error bar shows the highest and lowest value of the
measurements. The EDS results from the matrix was
similar to the nominal composition (OES). In addition,
the EDS results from these structural details were
similar between different thicknesses and steel types.
However, steel A contained somewhat fewer segrega-
tions compared to steel B.

To evaluate the differences between the as-rolled
original structure and the tempered structure (heat-
treated), a series of Charpy V-notch impact tests were
performed on the 60-mm-thick plate. Figure 8 shows the
difference of the impact test results between the original
samples (A and B) and the heat-treated samples (ht300).
The results show that the heat-treated samples have
significantly lower impact energy compared to the
original samples. In the tested temperature range, the
impact toughness values drop 40 to 60 percent in both
steel types (A and B) with the heat-treated samples
(ht300) when compared to the original steel structure. In
addition, the difference in the impact results is higher as
the test temperature increases. The results between
different rolling practices are still almost the same. In
addition, fracture toughness tests were performed on the
60-mm-thick samples to further evaluate the mechanical
properties of the original structure and the tempered
regions. Testing was carried out on both the samples in
original condition (A and B) and the heat-treated
samples (ht300, ht600). Similarly, to the impact test
results, the fracture toughness of the tempered region is
also lower compared to the original structure, as can be
seen in Figure 8. In the tested temperature range, the
fracture toughness values drop 15 to 40 pct in both steel
types (A and B) with heat-treated samples (ht300 and
ht600) when compared to the original steel structure.

To evaluate the results further, the fracture surfaces
were examined by SEM and Figures 9(a) and (b) shows
the two types of fracture surfaces that were found in the
impact and fracture toughness test samples made from
60-mm plate. Most of the samples (original and ht300 in
both impact and fracture toughness tests) contained
transgranular (Figure 9(a)) fracture surfaces. However,
the ht600 fracture toughness samples contained an
intergranular fracture surface (Figure 9(b)), which is
typical of a weakened grain boundary structure. In
addition, several of the studied cracks were opened and
investigated by SEM. Figure 9(c) shows an example
micrograph of the opened crack surface. It clearly shows
that the fracture surface exhibits intergranular cracking
behavior and that there are no traces of transgranular
cracking behavior.
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Fig. 2—SEM micrographs from 40- and 60-mm-thick plates. (a) %2 thickness, mixture of bainite and martensite and (¢) Ya thickness, mostly
martensitic microstructures of the 40-mm plate and (b) 'z thickness, mostly bainite and (d) 4 thickness, mixture of bainite and martensite
microstructures of the 60-mm plate. Examples of martensite and bainite are marked in the micrographs with black and white arrows,

respectively.

IV. DISCUSSION

Micrographs of the original structures of the studied
steels show similar results to those of a previous study.!®!
The amount of martensite in the structure decreases and
the bainite structure increases toward the center of the
plate. In the 40-mm plates, the microstructure is mostly
martensite at %4 thickness and a mixture of martensite
and bainite at 2 thickness. In the 60-mm plates, the
microstructure is a mixture of martensite and bainite at
Ya thickness and mostly bainite at %2 thickness. These
microstructures are formed due to the different cooling
conditions as the plate thickness increases.

Cracking of the martensitic steels is widely studied
topic?® 3. However, the present study concentrates on
the more limitedly reported cracking behavior of steel
plate structure under the heating and residual stress
state caused by flame cutting. The examination of the
cracked 40-mm plate shows the specific location of the
crack in the flame cut edge. The crack is formed in the
centerline of the plate and in tempered region, where
flame cutting also causes the highest residual tensile
stresses. In addition, it is formed in the locally harder
region, which suggests that the crack is located in the
segregation. Micrographs of the segregations show that
they are formed horizontally as strings or sheets between
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the surrounding structure near the center region of the
plates. The microstructure of segregations is fully
martensitic, whereas the surrounding structure is mostly
bainite or a mixture of bainite and martensite. The
reason for this is that the segregations contain elevated
amounts of alloying elements, which increase the hard-
ness and hardenability. In addition, the composition of
the segregations affect local tempering behavior during
flame cutting. For example, Si, V, Cr, and Mo are
known to stabilize the tetragonality of martensite during
tempering and Si, Cr, and Mo also hinder the formation
and coarsening of cementite, which is the main factor
responsible for tempered martensite embrittlement
(TME).'"? In addition, it has been stated!" that
segregations typically have a higher concentration of
C, which can further increase hardness and hardenabil-
ity. However, the amount of C is difficult to evaluate
with EDS, so this can only be speculation. For these
reasons, the segregations effectively maintain their
hardness (and brittleness) during tempering while the
surrounding structure becomes softer and more ductile.
Similar behavior has been reported earlier®™ where
segregation transforms to hard phase which would not
withstand further manufacturing conditions (for exam-
ple forging). It was also noticed that crack location had
higher concentrations of C, Cr, Mo, P, and S due to the
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Fig. 3—Residual stress (RS) state and crack location in the flame cut edge of 40-mm plate (steel B). Microstructural regions formed during flame
cutting: newly formed martensite (1), two-phase region (2), and tempered region (3).

0 0.5 1 1.5 2 2.5 3
Depth from the surface [mm]

500

450

S

T :

8

S 400

8

7]

3

9 350

el

—
300 i

—s5
250
0 1 2 3 4 5

Depth from the surface [mm]

Fig. 4—Hardness measurements from the cut edge of the cracked 40-mm plate (steel B).

segregation.” In the present study, segregations also
contain inclusions, and titanium nitride precipitates
which can create harmful discontinuities and stress
concentrations to the steel structure.

The impact and fracture toughness tests show that
tempering during flame cutting weakens the structure of
the cut edge. The test results of the heat-treated samples
have clearly lower impact (40 to 60 pct) and fracture
toughness (15 to 40 pct) properties compared to the
original samples. However, the interesting point was
that the fracture mechanisms differed between the
heat-treated samples. The original samples and 300 °C
heat-treated samples contained transgranular fracture
surfaces. The lower impact and fracture toughness of the
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300 °C heat-treated samples indicates the formation of
brittle cementite in the interlath sites of the martensite
(typical of TME). However, samples heat-treated at 600
°C contained intergranular fractures similar to those in
the cracks caused by flame cutting. This indicates that
samples heat-treated at 600 °C and flame cut cracks are
formed by the same mechanism. The results suggest that
the primary reason for cracking is the decohesion of the
prior austenite grain boundaries and the main reason for
this is the accumulation of impurity and alloying
elements on the grain boundaries. Therefore, in the
present study, tempering decreased the cohesion of the
grain boundaries and lowered ductility and fracture
toughness.
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Fig. 6—EDS line scan of the segregation. (For interpretation of the colors in these figures, the reader is referred to the web version of this
article.).
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Fig. 8—Charpy-V impact test results of samples (¢) A and (b) B (original and heat-treated specimens (ht300)) and fracture toughness test results
of samples (¢) A and (d) B (original and heat-treated specimens (ht300 and ht600)) from 60-mm plates.

Cracks are formed in the locally harder segregations,
which contain significantly higher amounts of Si, P, V,
Cr, Mn, and Mo compared to the surrounding regions
or the nominal composition of the steels. The fracture
path follows the prior austenite grain boundaries, which
indicates a reduced cohesion of prior austenite grain
boundaries. P can be classified as an impurity element
and it decreases the grain bounddry cohesion, which is
one of the main factors causing temper embrittlement
(TE) in steels.!">*% However, the other alloying elements
found in the segregation also interact with P and each
other, which affects both the segregation of these
elements on the grain boundaries and the grain
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boundary cohesion. For example, the interaction of P
and Mn, Cr, and Mo is attractive and they enhance the
segregation of the others. Therefore, not only has the
segregation of P to be considered but also the segrega-
tion of the other alloying elements and their effect on
grain boundary decohesion. Mn and Cr strongly co-seg-
regate with P, increasing the risk of TE, and Mn
enhances the embrlttllng potency of P.P% In addition, it
has been mentioned!'? that Si increases TE, althou§h it
shows repulsive interaction with both C and p.20

contrast, TE susceptibility is partially decreased by
adding Mo up to 0.7 wt pct as it inhibits the segregation
of P and enhances grain boundary cohesion. However,
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Fig. 9—Fracture surfaces of fracture toughness test samples, made from 60-mm plates, showing (a) transgranular fracture, (b) intergranular
fracture, and (c¢) opened flame cut crack fracture surface from 60-mm-thick flame cut sample.

larger additions of Mo are inefficient as it is then
incorporated in cementite.”” On the other hand, inter-
action between P and C is competitive for iron and
additions of C generally depress P segregation. How-
ever, strong carbide-forming elements such as Cr, Mo, V
lower the C solubility and therefore promote the
embrittling segregation of P by depressing segregation
of CIB122001 Ag it turns out, the elements in the
segregation have a very complex interaction with each
other and the combination of these elements signifi-
cantly affects the cohesion of the prior austenite grain
boundaries. Most of the elements have undesired effects
although some may also have a beneficial effect.
However, if a crack is formed, it is safe to say that the
combined effect of these elements leads to unwanted
results. In addition, as previously has been studied ! 2%
hydrogen can be detrimental for this kind of applica-
tions. It should be noted that based on this study the
effect of hydrogen cannot be totally ruled out. However,
if the hydrogen is involved, it can only enhance cracking
behavior of already susceptible microstructure and
existing stress state.

So what are the main causes behind crack formation
in the flame cutting of thick wear-resistant steel plates?
Previous studies!®””!% have clearly shown that incorrect
cutting practices produce high residual tensile stresses in
the cut edge. The results of the current study show that
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impact and fracture toughness is reduced by heat
treatment that resembles the conditions of the tempered
region. In particular, the samples that were heat treated
at 600 °C had intergranular fracture surfaces similar to
the cracks formed in flame cutting. Generally, this
temperature range promotes the segregation of impurity
and alloying atoms on the grain boundaries and reduces
the cohesion of the boundaries. In addition, the results
showed that segregations contained increased amounts
of alloying elements compared to the surroundings.
These elements have a variety of effects and they interact
with each other in many ways. However, in crack
formation, the combined effect of these elements reduces
the prior austenite grain boundary cohesion in such a
harmful manner that the grain boundaries cannot
withstand the high residual tensile stresses produced
by flame cutting.

To avoid crack formation, the manufacturing process
of thick wear-resistant steel plates should aim to
minimize the amount of segregation and reduce the
amount of harmful impurity and alloying elements. The
manufacturing of the plates should also favor
microstructures that are not too prone to the critical
temperature around 600 °C which decreases grain
boundary cohesion and lowers the fracture toughness
of the plates. In addition, flame cutting of thick plates
should favor parameters that produce low residual

METALLURGICAL AND MATERIALS TRANSACTIONS A



stresses in the cut edge. These results and guidelines will
improve the effectiveness of flame cutting and lower the
cracking probability of thick wear-resistant steel plate
during the flame-cutting process.

V. CONCLUSIONS

On the basis of this research, the following conclu-
sions can be summarized:

1. Cracks form in locally harder segregations in the
plate centerline together with tempered region
where the highest residual tensile stress is also
formed due to flame cutting.

2. Segregations are enriched by alloying elements such
as Si, P, V, Cr, Mn, and Mo, and therefore, exhibit
higher hardness and stronger hardenability com-
pared to the surroundings. During the flame-cutting
process, this increased content of impurity and
alloying elements reduces the cohesion of the prior
austenite grain boundaries, which then fail to
withstand the residual tensile stresses generated
during flame cutting.

3. The samples simulating tempered region of the
HAZ has 40 to 60 pct lower impact and 15 to 40 pct
fracture toughness than the as-rolled original struc-
ture. Temperature ranges around 300 °C and
around 600 °C lower the ductility and fracture
resistance of the plate. The samples heat-treated at
600 °C and flame cut cracks both exhibited inter-
granular crack surfaces.

4. To avoid cracking, steel plates should not contain
severe segregations and manufacturing should aim
to steel microstructure that preserves its grain
boundary cohesion and fracture toughness during
flame cutting. In addition, high-residual tensile
stresses should be avoided by cutting parameters
optimization.
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