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Abstract

The hot coil slump is a recurrent problem in the manufacturing process of medium and high equivalent carbon steel plates.
Even with the success of the hot rolling procedure, the posterior coil slump can occur, representing operational disorder and
manufacturing cost increase. Some authors point that the coil slump phenomenon can occur due to metallurgical, mechani-
cal and geometric aspects. Preview studies already investigated several possible mechanical and geometric contributions.
However, there are few available experimental data about the metallurgical one, that is, the effect of late austenite decom-
position during, or after the coiling stage. In this context, this paper presents a study about the application of dilatometry
technique aiming to evaluate the influence of late phase transformations as a relevant cause of a medium carbon steel coil
slump. Heating cycles that simulated, with good agreement, some possible plate cooling conditions and isothermal coiling
procedures were performed in standardized specimens using a quenching dilatometer. Different combinations of cooling
rates and coiling temperatures were evaluated. It was possible to conclude that the dilatometry technique application is viable
and efficient to evaluate the metallurgical contribution to the coil slump phenomenon. For the studied steel, it was possible
to suggest that a decrease of the cooling rate, in association with a slight decrease of coiling temperature, can significantly

suppress the metallurgical influence on the coil slump occurrences.
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Introduction

Nowadays, the hot strip manufacturing has a great impor-
tance of worldwide steel business. Since around half of all
steel products is hot-rolled to strip, mills must have great
throughput and availability combined with geometric preci-
sion, being able to produces well planned steel microstruc-
tures with optimized mechanical properties. In this context,
the hot strip mills (HSM) represents an important technology
that can produce thin steel plates, up to 0.8 mm thick, with
well-designed geometric and microstructural characteristics.
There are several HSM layouts, and they vary according to
the company’s business strategy, available industrial area,
available technology, manufacturing capacity and available
raw material. Despite the system specificities, in general,
the manufacturing flows of hot-rolled strips are similar and
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consists of roughing steps, followed by finishing rolling,
accelerated cooling in a controlled system and, finally, the
coiling, with the aim to promote the efficient product storage
and shipping to the customer [1-15].

Hot-rolled steel strips are usually stored as coils that are
raw materials for several subsequent processes, such as cold
rolling, drawing, bending, among others. In order to be fur-
ther processed, it is necessary that coil central axis fits into
equipment that will decoil them (decoiler). For this reason,
it is very important that its geometry is as close as possible
to a cylinder. When the geometry of the coil cross section is
not circular, a defect in the product is considered to occur,
which is named coil slump. In general, when the difference
between orthogonal diameters in the cross section of the
coil is greater than 50 mm, the coil is considered as slumped
[9-11, 16, 17].

The technical literature points to three main aspects that
contribute to the steel coil slump phenomenon; they are:
mechanical, geometric and metallurgical [18-22]. After the
strip hot-rolling, it is subjected to the accelerated cooling
system where the steel strip is cooled until to the coiling
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temperature. The purpose of this controlled cooling is to
promote the austenite decomposition in order to obtain
the desired transformation products, generally a refined
microstructure consisting of ferrite and pearlite in the case
of medium carbon steels [5, 16, 17, 21]. However, if this
transformation does not finish completely during the cooling
stage, part of the austenite may decompose during, or after
the coiling procedure. According to Cardoso et al. and other
researchers, the molar volume of austenite is significantly
lower than the ferrite one and, if this transformation occurs
during, or after coiling, an abrupt volume increase will occur
in the mechanically tensioned coil and this will significantly
contribute to the slump phenomenon, constituting thus the
metallurgical component of the event [21, 23-25].

When coil slump occurs, even though the transformation
of austenitic decomposition has already completely occurred
in the accelerated cooling stage, its causes are exclusively
due to mechanical and geometric factors. Some authors
have already studied these aspects and have shown that they
become very significant in very thin strip, and/or very heavy
steel coils. It is agreed that these two characteristics facilitate
the coil plastic deformation when moved, or when horizon-
tally stored in the industrial storage yards. Even though there
are numerous publications on coil winding models, not much
literature is available on coil slump. The modelling of coil
slump is much more difficult, since the coil can no longer
be treated as an axisymmetrical problem. In this scenario,
one common method to work with this loss of symmetry is
the Finite Element Analysis (FEA) that allows to calculate
the coil stresses and its final deformation [21, 22, 26-29].
Park et al. [29] stated that the main mechanical aspect which
contributes to the coil slump is the discontinuous stress con-
centration on the coil. According to them, this may occur
due to a coil deflection at the beginning of the coiling proce-
dure. According to Gorni and Silva [21], this discontinuous
stress distribution along the coil diameter strongly influences
the coil slump due to the fact that the transverse moment of
inertia of a coil with very cohesive turns will be greater than
that of loose turns.

As a way to decrease the influence of geometric and
mechanical factors in the coil slump phenomenon, some
authors suggest the increase of the coiling tension. The
maintenance of the external turns with temperatures between
150 and 200 °C above the temperatures of the internal turns
is also pointed. According to researchers, if this happens, the
volumetric contraction of the external turns during the coil
cooling would help in the internal turns cohesion, improving
the coil integrity [18-22]. Park et al. [29] suggest the use
of a sleeve system between the coil and the coiler mandrel
to ensure the coil is not initially deflected. Other authors,
using basic mechanical theory and FEA, developed opti-
mized mathematical models for control coiling operating
conditions aiming to avoid the occurrence of geometric
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and mechanical problems. Most of these improvements are
nowadays implemented in operational programs of industrial
hot-rolled strip coilers and are worldwide used [10, 17-22,
29-35].

Despite the several developments and efforts to mini-
mize the mechanical and geometric effects on the coil
slump, some authors stated that, as the metallurgical aspect
has a decisive contribution in the phenomenon occurrence
in steels with medium and high carbon equivalent, if this
aspect is not properly studied and controlled, even apply-
ing optimized mechanical and geometric adaptations, the
coils of medium carbon steels will be strongly susceptible to
slump. Volumetric variations in the coil turns, as a result of
the late austenite decomposition, are not considered in most
mechanical models and, therefore, represent an important
stress unbalance, promoting irregular coil deformation, caus-
ing its slumping, even if all other mechanical and geometric
aspects have been met [17-21].

In this context, the present work proposed to use the
experimental dilatometry technique to simulate accelerated
cooling cycles and coiling beginning in a medium carbon
steel, instantly monitoring the relative length variation of
steel specimens. This method was proposed with the aim to
allow fine adjustments in the thermal profiles of the steps
that precede the strip coiling. This study was performed con-
sidering the SAEJ403 1050 chemical composition and the
operational limitations of an industrial Steckel mill. In Latin
America, industrial and confidential reports describe several
occurrences of coil slump for the studied steel when hot-
rolled in Steckel mill, even under optimized geometric and
mechanical coiling conditions, thus being the late austenite
decomposition the possible main cause for coil slumping.
For the steel studied in this work, the most reported cases
about coil slump led to the coil disposal, representing sig-
nificant operational and financial losses.

Materials and methods
Materials

The sample studied in this work was taken from a 30 mm
thick hot-rolled plate. It is important to highlight that the
rolling procedures was performed in a Steckel mill and the
steel sample were collected after the finishing rolling pro-
cedure, but before the cooling table, i.e. the plate was not
submitted to the accelerated cooling system, being cooled
in natural air. The chemical composition of the studied steel
meets the SAEJ403 [36] requirements for a 1050 grade flat
steel (Table 1). It can be seen that it is a common medium
carbon steel with C and Mn contents, respectively, of 0.52%
and 0.69%; which guarantees an intermediate hardenability.
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Table 1 Chemical composition C Mn
of the studied steel (mass/%)

0.52 0.69

0.014

0.008 0.22 0.01 0.01

Experimental procedures

Initially, the studied steel was characterized in its initial state
applying optical microscopy and Vickers microhardness
techniques. Representative steel samples were metallograph-
ically prepared according to ASTM E3 standard [37], and
were chemically etched with Nital 2%. The optical micros-
copy images were acquired using a LEICA DM2700M opti-
cal microscope (OM). The Vickers microhardness tests were
performed on a Pantec model HXD 1000TM equipment
with 300gf and 15 s of load application time. The previous
austenite grain size was estimated applying the automatic
equivalent diameter method according to ASTM E112 and
ASTM E1382 procedures [38, 39].

Dilatometry specimens were machined in a massive
cylindrical geometry (length: 10 mm, diameter: 3 mm) and
dilatometry tests were performed on a R.I.T.A. L78 Linseis
equipment with the following objectives: (1) Determination
of the critical temperatures Ac; and Ac; (2) Determina-
tion of the steel continuous cooling transformation diagram
(CCT); (3) Execution of physical simulations of thermal
profiles corresponding to the strip accelerated cooling until
the coiling beginning, aiming to evaluate the occurrence of
late austenitic decomposition.

With the aim to determine the Ac, and Ac, temperatures,
six specimens were heated from room temperature to 900 °C,
with a heating rate of 5 °C s~!. The specimens remained at
900 °C for one minute (60 s). By using the derivative method
applied to the dilatometric data, the referred critical tem-
peratures were determined [23, 40—42].

For the CCT diagram determination, six specimens
were heated under the same above mentioned conditions
and then cooled to room temperature with different cooling
rates, which were: 1 °Cs™!, 5°Cs™!, 15°Cs™!, 23 °Cs7!,
50 °C s~' and 150 °C s~!. In the studied case, the medium
carbon hot rolling process started by raising the steel tem-
perature above its upper critical Ac, temperature, i.e., above
the recrystallization temperature. Then controlled load steps
were applied, forming the material to the desired profile and
specification. While the material was rolled, its temperature
was monitored to make sure it remained above the recrys-
tallization temperature. The austenite grains got deformed/
elongated in the rolling direction. However, these elongated
grains started recrystallizing as soon as they come out from
the deformation zone, getting smaller after each deformation
step [16, 21, 43].

In this context, it is clear that in a conventional medium
carbon hot rolling process, the austenitic grain is refined

due to the austenite recrystallization and, for this reason,
the average size of the austenitic grains from which the
accelerated cooling stage starts is relatively small. As in the
dilatometry tests, a strain cell was not used, the austenitizing
conditions were defined in order to obtain a small austenitic
grain size, justifying the used heating rate, the austenitiz-
ing temperature and the applied soaking time. The critical
temperatures Ar,; and Ar; were determined, for each stud-
ied cooling rate, also applying the derivative method to the
experimental data [23, 40, 41].

After dilatometry tests to determine the steel CCT dia-
gram, the tested samples were metallographically prepared
and etched with Nital 2% for microstructural characteriza-
tion. The LEICA model DM 2700 M optical microscope
(OM) and the VEGA 3 Tescan scanning electron microscope
(SEM) were used for this purpose. After the microstruc-
tural characterization, the samples were submitted to Vick-
ers microhardness tests. Ten random measurements were
performed in each sample. A test load of 300gf and a test
time of 15 s were used. The equipment used in this step was
a Pantec, model HXD 1000TM. For the studied austenitiz-
ing condition, the prior austenite grain size was measured
applying ASTM E112 and ASTM E1382 procedures to the
Teepol (240 mL of distillated water, 2 mL of HCI, 2 g of
picric acid and 0.5 mL of a surfactant) etched samples, aim-
ing to confirm the success of the proposed method seeking
to achieve small austenitic grains [38, 39].

As described in the introductory section, this study pro-
posed to use the dilatometry technique as a tool to evaluate
if, for the specific hot-rolling, controlled cooling and coiling
scenario currently applied to the SAEJ403 1050 steel, the
late austenite decomposition can be a relevant contribut-
ing metallurgical aspect to coil slump phenomenon. This
research focused on the medium carbon steel submitted to a
conventional hot-rolling in a Steckel mill. It is important to
highlight that the studied steel strips are often cooled from
the last deformation step to the usual coiling temperature
(600 °C) with the average cooling rate of 23 °C s~ ! (Coil-
ing 1 in Table 2). According to the industrial manufacturing
planning, these conditions provided the best microstructure-
properties-productivity relations. However, applying them,
the coil slump occurrence is recurrent, representing signifi-
cant financial losses. Due to this, there is a great technical
and economical need to investigate the occurrence of late
austenite decompositions and to evaluate alternative thermal
cycles with the aim to avoid the coil slump without to sig-
nificantly impair the product quality and neither the Steckel
mill productivity.
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Table 2 Thermal profiles used in the physical simulations of acceler-
ated cooling and coiling beginning

Sample Cooling rate/°C s~! Coiling
temperature/°C

Coiling 1 23 610

Coiling 2 10 610

Coiling 3 10 590

Coiling 4 15 580

Seeking to simulate the accelerated cooling and coiling
beginning, dilatometry specimens were heated from room
temperature to 900 °C with a heating rate of 5 °C s~! and
were soaked for 60 s. Subsequently, the samples were cooled
to a certain temperature at a constant rate, and kept there for
one minute, i.e. enough time to austenite complete decom-
poses (Table 2). Finally, the samples were cooled at 1 °C s~
until room temperature. The isotherm temperature to which
the samples were cooled represents the coiling temperature,
and the rates at which the samples were cooled represent
the average cooling rate applied to the plate in the acceler-
ated cooling stage, between the rolling end and the coiling
beginning. It is important to highlight that the evaluated con-
ditions Coiling 2, Coiling 3 and Coiling 4 were proposed
considering the specificities of an industrial Steckel mill,
coupled to an accelerated cooling system, aiming to main-
tain the product quality. The chosen of these parameters
obeyed limitations related to rolling speed, strip tempera-
ture distribution, optimal mechanical and geometric coiling
conditions and rolling productivity.

For each physical simulation condition performed in
the R.ILT.A. L78 dilatometer, the relative length varia-
tion of the specimens was measured as a temperature and
time function. The volumetric expansions arising from the
austenite decomposition were monitored and evaluated. If
these expansions completely occurred before the isothermal
stage, it would mean the austenite decomposition occurred
before the coiling beginning, and would not be a relevant

Fig. 1 Microstructure of the
studied steel in its initial condi-
tion a OM-200X, b OM-1000x
(a-ferrite, P-pearlite)
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metallurgical aspect related to the studied steel coil slump.
Otherwise, if part of the expansions occurs during the iso-
therm, it would mean the volumetric variations arising from
late austenite decomposition would represent a significant
metallurgical component of coil slump phenomenon.

Results and discussion
Initial state characterization

Figure 1 shows the microstructure of the studied steel in
its initial state. It is observed that the structure is consti-
tuted of ferrite and pearlite, which is in accordance with
its chemical composition and processing history. It is also
possible to notice the presence of manganese sulfide inclu-
sions. It is observed that the structure is relatively coarse.
This is due to the fact that the sample was taken from a plate
that did not pass through the cooling system, having been
cooled in the natural air. The prior austenite average size was
(354 12) pm. The microhardness of the initial condition was
(192+8) HV.

Determination of critical temperatures Ac, and Ac;

The derivative method was used to calculate the critical
start and end austenitizing temperatures, measured during
the continuous heating of six samples at 5 °C s~!. Figure 2a
presents the obtained results. It is observed that the aver-
age temperatures Ac; and Ac; are respectively 714 °C and
855 °C. Due to this obtained values, the chosen austenitizing
temperature for the CCT diagram and physical simulations
was 900 °C, i.e. 45 °C above the Ac;. This austenitizing
temperature coupled to a relatively fast heating (5 °C s
and 60 s soaking time guaranteed a relatively small austenite
grain size, as desired. Applying the ASTM E112 and ASTM
E1382 procedures [38, 39], it was possible to verify that, for
this austenitizing condition, the average austenite grain size
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Fig.2 a Austenitizing critical temperatures measured for 5 °C s~! continuous heating; b Micrograph illustrating the prior austenite grains

revealed by Teepol etching (heating rate: 5 °C s

was (23 +8) pm, i.e. slightly smaller than those verified for
as received material, as Fig. 2b illustrates.

Determination of CCT diagram

After determining the critical temperatures Ar; and Ar, dur-
ing continuous cooling, for all studied cooling rates, and the
Ms temperature for rates where martensitic transformation
was observed, it was possible to determine the steel CCT
diagram for the studied austenitizing condition. Figure 3
presents the obtained CCT diagram. It was observed that
the obtained diagram indicates lower hardenability than
the expected for the medium carbon steel SAEJ403 1050
grade, as mentioned in classic heat treatment studies. Con-
sidering the carbon content of the studied steel, a diagram
shifted to the right was expected. It is assumed that due to
the relatively high heating rate, the austenitizing tempera-
ture relatively close to Acy and the relatively short soaking
time, the previous austenitic grain size was small enough to
justify the hardenability loss. Smaller austenitic grains favor
the nucleation of diffusional constituents such as ferrite and
pearlite, decreasing the steel hardenability [44—48].

Figure 4 presents the microstructures of the samples
submitted to the specific cooling rates: 5 °C s7!, 15 °C s7!
and 23 °C s~!. Comparing the microstructures of the sam-
ples submitted to the dilatometric experiments with that
of the initial state, an intense microstructural refining can
be observed, confirming one more time the importance of
obtaining a small austenitic grain size during the steel aus-
tenitizing. It can be seen that for the three cooling rates,
the microstructure consists of allotriomorphic ferrite and
pearlite. With the cooling rate increase, a decrease in the
ferrite fraction was observed, as expected [23, 24, 45-49].

Figure 5 shows the microstructures of the samples sub-
mitted to the cooling rates of 50 °C s™! and 150 °C s™'. It

, austenitizing temperature: 900 °C, soaking time: 60 s)
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Fig.3 CCT diagram experimentally determined for the studied
steel considering: heating rate—5 °C s~ austenitizing tempera-
ture—900 °C, soaking time—60 s (A-austenite; F-ferrite, C-cement-
ite)

is possible to observe that for 50 °C s~!, the microstruc-
ture is mainly constituted by ferrite and pearlite, as conse-
quence of the steel hardenability decrease. However, there
is the formation of degenerated pearlite, bainite and small
martensite islands aligned to the rolling direction, around
manganese sulfide inclusions. In that region, according
to technical literature, due to a localized Mn chemical
segregation, the atomic diffusion was harmful, favoring
the martensite formation [50-52]. It was observed that for
150 °C s~ ', the formation of martensite islands occurred
more significantly, however the microstructure is mostly
constituted by fine pearlite, degenerated pearlite and
bainite. Figure 6 presents SEM micrographs highlighting
the presence of pearlite, degenerated pearlite, bainite and
martensite in sample submitted to 150 °C s~! cooling rate.
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Fig.4 Microstructures of speci-
mens submitted to 5 °C s™!,
15°C s7' and 23 °C s™! cooling
rates. a, ¢ and e 200x; b, d and f
1000x (a-ferrite, P-pearlite)

Figure 7 presents the Vickers microhardness values of
the samples submitted to the studied cooling rates, i.e.
1°Cs™, 5°Cs™,23°Cs™, 50 °Cs™"and 150 °C s7!,
as well as the hardness of initial state. As expected, the
hardness increased due to the increase in the cooling rate.
This observation is in accordance with the characterized
microstructures, once increasing the applied cooling rate,
the microstructures became more refined, with lower fer-
rite volumetric fraction and, specifically for 50 °C s~! and
150 °C s™!, martensite islands appeared. It is important
to highlight that the presence of martensite islands also
justifies the high standard deviation verified for microhad-
ness values measured in samples submitted to 50 °C s~!
and 150 °Cs™".

Physical simulation of accelerated cooling
until coiling beginning

Using the dilatometric data, it was possible to evaluate the
effect of cooling rate on Ar; and Ar, temperatures. Equa-
tion 1, proposed by Cezério et al. [53, 54] was fitted to the
experimental data, aiming to establish a mathematical rela-
tion between critical temperatures and cooling rate. In Eq. 1,
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T, represents the critical temperature and r is the cooling
rate. The parameters T\, a and f are fitting constants. Fig-
ure § presents the obtained results. It is possible to observe
that applying the current cooling rate, i.e. 23 °C s~/ the Ar;,
and Ar, temperatures are, respectively, 719 °C and 530 °C.
Considering that the actual start coiling temperature is
600 °C, obviously a significant part of austenite decompo-
sition will occur during or after the coiling procedure.

T,=Ty+a- e )

Figure 9 presents the results about the physical simula-
tion of the accelerated cooling until coiling steps. Figure 9a
shows the measured temperature as a time function. About
it, some important considerations must be mentioned: (1) the
presented temperature values were measured by k type ther-
mocouples spot welded in the middle of specimen length;
(2) aiming to make easy the data interpretation, the time
was parametrized as 0 exactly at the beginning of coiling
isotherm, justifying the negative values. Figure 9b highlights
the relative length variation of specimens as a time function.
These data were instantaneously measured by dilatometry
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Fig.5 Microstructures of
specimens submitted to

50 °C s~ and 150 °C s~! cool-
ing rates. a and ¢ 200x; b and
d 1000x (a-ferrite, P-pearlite,
P’-degenerated pearlite,
B-bainite, M-martensite)

Fig.6 SEM micrographs

of specimens submitted to

150 °C s~! cooling rate. a
3000x; b 5000x (o-ferrite,
P-pearlite, P’-degenerated pearl-
ite, B-bainite, M-martensite)
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during the execution of thermal cycles presented in Fig. 9a.
In Fig. 9b is possible to verify that, for all studied cooling
rates, the specimens contracted linearly to points identified
by "s", where the volumetric expansions related to the aus-
tenite decomposition start. After these expansions (point
“”), with the end of the austenitic decomposition, the speci-
mens again experienced a slight contraction, tending to an
asymptotically horizontal behavior over time.

Analyzing Fig. 8, for SAEJ403 1050 steel continuous
cooled at 23 °C s~! to room temperature, it was clear that
between 719 and 530 °C, an expansion occurs, due to the
austenite decomposition. If the cooling stage were inter-
rupted at 610 °C for a coiling procedure, as Fig. 9 presents
(Coiling 1), only 53% of all volumetric expansion would

I |

NanoLab - REDEMAT- UFOP

VEGA3 TESCAN

SEM HV: 21.0 kV Det: SE |

VEGAS3 TESCAN
WD: 14.86 mm
SEM MAG: 5.00 kx

View fleld: 55.3 ym 10 pm
VEGA3 LMH

NanoLab - REDEMAT- UFOP

take place during the continuous cooling and, therefore,
47% of it would occur during, or after coiling. According to
many authors, slightly plate deflections at coiling beginning,
promoting discontinuous stress concentration on the coil,
contribute too much to the coil slump [21, 22, 26-29]. In this
context, it can be stated that considering this current coiling
condition applied to SAEJ403 1050 steel, the late austen-
ite decomposition can strongly increase the occurrence of
coil slump phenomenon. This relatively simple dilatomet-
ric characterization shows that, for this current cooling and
coiling thermal profile used in some HSM facilities, even
considering optimized mechanical and geometric coiling
conditions, the coil slump can occur due to metallurgical
motivation, that is late austenite decomposition.

@ Springer



6600

J.L.R. e. Fernandes et al.

450 ~
400
350 A

300 - { o

250 {}/

Hardness/HV, 5

200 ;“'

150

10M0-————T——7T——7T 7T T T T
0 20 40 60 80 100 120 140 160

Cooling rate/°C s

Fig. 7 Effect of cooling rate on the steel Vickers microhardness. The
0 °C s™! rate represents the initial steel condition

800 4
°
] Ar (10)=750°C  Ar, (15)=746°C
750 - U 4
1 .
Q 700 N
B Ar3 Fitting parameters
§ ] T =684
© 650 0
o A o =99
o il T o
£ 6004 A (10) =585 °Ci Ar (15) =580 °C  =-0,04
Q
% | Ar, Fitting parameters y R =090
£ 550 7.=500
O 1 a=142 A
500 5--005 : e Arg
1 A=091 A Ar
450 : . . ; . . ; - |
0 5 10 15 20 25

Cooling rate/°C s

Fig. 8 Effect of cooling rate on steel critical temperatures highlight-
ing the Eq. 1 fitting

In this specific case, with the occurrence of late austenite
decomposition, a way to avoid the coil slump phenomenon is
to keep the coil tensioned in the mandrel for a longer period
of time after coiling, in this way, the microstructural changes
could not affect its final shape. However, this action strongly
affects the mill productivity and decreases the coiling man-
drel life, since the high temperature impairs the equipment
lubrication, thus forcing its premature replacement [18].

As Fig. 8 highlights the critical temperatures related to
the start and the end of austenite decomposition are sen-
sitive to the cooling rate. The lower the cooling rate, the
higher these critical temperatures. Therefore, it was evalu-
ated the effect of the cooling rate decrease on the possibility
to anticipate the referred transformation, trying to complete
it before the coiling beginning, or at least, to guarantee that
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only a small fraction of austenite finishes its decomposition
late, not significantly affecting the coil volumetric changes
[23, 45].

With the aim to maintain the beginning of coiling tem-
perature as 610 °C, regarding Figs. 8 and 9, it was suggested
that, after the last rolling step, if SAEJ403 1050 steel plate
were submitted to 10 °C s~! cooling rate until the coiling
beginning (Coiling 2), the Ar, temperature would be around
585 °C and only around 5% of all volumetric expansion
would occur during or after the coiling stage. This condi-
tion, compared to the Coiling 1, would represent a signifi-
cant decrease on the metallurgical contribution to the coil
slump. However, if the coiling temperature was decreased
to 590 °C, maintaining the 10 °C s~! cooling rate (Coiling
3), the austenite decomposition would finish around two sec-
onds before the coiling start. This conditions could eliminate
the metallurgical aspect of coil slump for the studied steel.
A negative feature of this scenario applying 10 °C s™! after
the last rolling step, mainly in Steckel mills, is the need to
decrease the rolling speed at the last rolling stage. This rou-
tine could significantly impair the mill productivity [1, 5].

Aiming to decrease the possible negative impact on the
mill productivity, the Coiling 4 condition was simulated.
The cooling rate has been increased to an intermediate value
(15 °C s71), but observing Fig. 8, the proposed coiling tem-
perature was decreased to 580 °C. Considering these param-
eters, Fig. 9 shows that the full austenite decomposition hap-
pens before de coiling. Among the evaluated conditions,
this would be the best one, considering the process limita-
tions. According to Rizzo [16] and Kloeckner et al. [55], for
medium carbon steels, the coiling temperature cannot be too
much lowered. According to them, if coiling temperature
decreases, flatness problems can occur. The lower the coil-
ing temperature, the higher the thermal gradient between the
center and the edges of the plates, promoting localized plas-
tic deformations due to heterogeneous thermal contractions.
This flatness problem is named wavy edge [16, 55, 56].

Considering the SAEJ403 1050 coiling temperature can-
not be lower than 580 °C in several mill facilities, with the
aim to avoid flatness problems, it is suggested that for this
minimum coiling temperature, the safe cooling rate that will
not promote significant metallurgical effect contributing to
the coil slump is 15 °C s~!. However, it is important to high-
light that decreasing cooling rate from 23 to 15 °C s™!, the
steel microstructure and mechanical properties will slightly
change. Figure 10 presents a comparison between specimens
submitted to Coiling 1 and Coiling 4 conditions. It is pos-
sible to observe that the microstructure obtained at 15 °C s™!
is slightly coarser than the one obtained at 23 °C s~!. The
ferrite fractions in samples cooled at 15 °C s~! and 23 °C s™!
are, respectively, (18 £4)% and (12 +3)%. The measured
hardness values at 15 °C s~ and 23 °C s™! are respectively
(250 £ 6)HV and (257 + 10)HV. Therefore, in the rolling
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Fig.9 a Thermal profiles measured during the physical simulation; b relative length variation as a time function. The O s represents the begin-
ning of coiling isotherm; “s” and “f” indicates, respectively, the start and the end of austenite decomposition

planning, it is important to consider that the decrease of the
cooling rate from 23 to 15 °C s! will increase the ferrite
fraction in 6% as well as will decrease Vickers Hardness in
3%.

Conclusions

For the SAEJ403 1050 steel continuously heated at
5°C s7!, the critical austenitizing temperatures Ac, and
Ac; were, respectively, 714 °C and 855 °C. The average
austenite grain size measured for a full austenitizing at
900 °C during 60 s was (23 +8) pm. The studied steel
CCT diagram was experimentally obtained and a math-
ematical relation between austenite decomposition critical
temperatures and cooling rate was established. The gener-
ated knowledge made possible to design three alternative
thermal profiles of accelerated cooling and coiling begin-
ning with the aim to decrease the effect of late austenite
decomposition on coil slump.

Fig. 10 Microstructures of
samples submitted to a Coiling
4 (15°C s‘l) and b Coiling 1
(23 °C 57 conditions—500x

The use of the dilatometry technique to evaluate the
metallurgical component of the coil slump phenomenon in
hot-rolled SAEJ403 1050 steel was efficient. For the stud-
ied steel, the physical simulations of the accelerated cool-
ing and coiling beginning showed that: (1) for the cooling
rate currently used in hot strip rolling, austenite does not
decompose completely before the coiling beginning, i.e.
around 47% of volumetric expansion occurs during, or
after the coiling; (2) the condition that better suppressed
the metallurgical component of the coil slump phenom-
enon was to decrease the cooling rate to 15 °C s™! and the
coiling temperature to 580 °C.

It is important to emphasize that changes in the cooling
and coiling parameters cause changes on the steel final
microstructure and hardness. For the SAEJ403 1050 steel,
it was observed that the decrease from 23 to 15 °C s~!
promoted the ferrite fraction increase in 6%, as well as the
Vickers hardness decrease in 3%. These changes must be
considered in the final product quality control.
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