
1. Introduction

High-strength structural steel plates with yield strength
up to 500 MPa can be produced with thermo-mechanical
(TM) rolling and accelerated cooling immediately after the
rolling1) giving a fine grained material with good ductility
and a high strength.2) There is a great potential for energy
saving by optimization of the TM process, since no reheat
quenching tempering process is needed. Furthermore, the
weldability of the plate becomes very good as the chemical
composition of the plate can be kept at a low level.1) The
grain refinement is obtained by substantial thickness reduc-
tions at decreased rolling temperature. The TM process in-
cludes a long interpass time during the pass schedule.3) The
long interpass time before the final passes triggers recrys-
tallization and thereby promotes a final structure of fine
grains.

The aim of this work was to develop a pass schedule
planning software on basis of the microstructural evolution
in the steel during TM rolling. Knowledge of the rolling pa-
rameters and process limitations associated with the TM
rolling makes it possible to design proper rolling schedules
for obtaining a good end product and acceptable productiv-
ity.

A common method to generate pass schedules for TM
rolling is to limit the temperature in the last pass. The strat-
egy to control the rolling process proposed in this paper is
based on predicted grain size instead of temperature only.
The developed code for the microstructure behavior ac-
counts for recrystallization, austenite grain size, contents of
niobium and titanium and precipitation. The simulated
austenite grain sizes show good agreement, compared to re-
sults from full-scale experiments.

2. Method

2.1. Overall Logic in the Pass Schedule Generator

A Visual Basic program was developed for simulation of
microstructure during a pass schedule. The program simu-
lates a complete pass schedule for rolling of a heavy plate
in the four-high mill at SSAB Oxelösund. The program de-
termines the reduction in each pass and also specifies the
long interpass time in order to obtain a fine final mi-
crostructure. The required CPU-time is around 5 min for
simulating a complete TM pass schedule.

The overall logic is shown in Fig. 1. The program at-
tempts to reduce the thickness by 50% in each pass without
exceeding available force and torque with a profile within
the tolerances. If this is not achieved, then a smaller reduc-
tion is tried. The generator strives for reaching the target
thickness htar. The roll force model gives roll force and
torque. CROWN426 is a program package for simulating
thickness profile and flatness in flat rolling. The elastic de-
formation of rolls and the deformation of the rolled mate-
rial are calculated for both hot and cold rolling mills with
2–6 rolls. Force distributions between rolls and work roll
profile are calculated. The assumed reduction together with
the prediction of profile by CROWN 426 gives the accumu-
lated plastic strain. The latter program is only used when
the thickness is below 80 mm. STEELTEMP® 2D is a pro-
gram for temperature and heat-transfer analysis during cast-
ing, cooling, stripping, heating, rolling and forging. Tem-
peratures and densities of heat flow rate are calculated in a
cross section of the steel. The temperature evolution during
and between the roll passes is computed by STEELTEMP®

in this investigation. The lengths of the interpass times are
in the range of 5–15 [s] and depend on the practical han-
dling of the plates. Thus they depend on the length of the
plate, and are known from common rolling schedules and
tabulated in the program. The plate is rotated between the
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initial passes but not after the 4th pass and it is cooling
slowly also during these initial passes as it is quite thick.
Therefore the long interpass time is not placed until after
the fourth pass. Its length is never allowed to exceed 10 min
for productivity reasons. The scheduler determines appro-
priate length of the long interpass time. The scheduler cur-
rently chooses only between one, five or ten minutes. It is
possible to find the exact optimum that minimizes the final
grain size by optimization. The limitation currently im-
posed by choosing between a given set of times is made in
order to limit the calculation time. The microstructure
model uses the temperature and deformation to predict the
microstructure. The roll-force and microstructure model are
described below whereas STEELTEMP is described in Ref.
4) and CROWN 426 in Ref. 5). Subscripting is used for
some of the variables in the following description of the
theory implemented in the roll pass scheduler and summa-
rized in Fig. 1. Subscript 0, [ ]0, means entry value to a
pass and subscript 1, [ ]1, means exit value after the pass.
Thus the exit values become entry values after each roll
pass is analysed.

2.2. Model for Rolling Force

The roll force F [N] model used by the roll pass genera-
tor is

...........................................(1)

where 1.15 is a correction factor due to plane strain as-
sumption, Ld [mm] is the contact length between the work
roll and the material including the effect of roll flattening,
b [mm] is the mean width of the entry width b0 and the exit
width b1 and kAspect ratio [�] is a correction factor for friction
and inhomogeneous deformation.6)

The spread is calculated with the method derived by
Beese8) for commercial rolling of low carbon steel slabs

....................(2)

h0 and h1is the entry and exit thicknesses [mm], respec-
tively.

The flow stress sy [MPa] is determined with the modified
Misaka equation7)

..............................(3)

where g is the constant of gravity 9.8 [N/kg] needed to con-
vert the units from [kg/mm2] to [MPa], C is the carbon con-
tent in weight percentage [%], e0

p [�] is the entry plastic
strain in the pass, e1

p is the exit strain from the roll gap:

............................(4)

e1
p [1/s] is its strain rate, T [K] is the absolute temperature.

The factor f [�] is a correction function of the contents of
alloying elements niobium Nb, manganese Mn, and tita-
nium Ti, all in weight percentage [%]. This value is com-
puted as

f�1.15 · (0.768�0.51Nb�0.137Mn�4.217Ti) ......(5)

The factor 1.15 in Eq. (5) is based on statistics from meas-
urements of the rolling force in Oxelösund. The reason is
that the used steel grades also contain other alloying ele-
ments such as chrome, vanadium, molybdenum and nickel.
The exit plastic strain computed by Eq. (4) may be modi-
fied, as described later, in case recrystallization occurs.

2.3. Modeling of the Microstructure

The grain size evolution is calculated by a microstructure
model. The complete flow chart for the microstructure
model is shown in Fig. 2.

The effective plastic strain and plastic strain rate together
with temperature are driving the changes in grain size. The
model is accounting for grain growth as well as recrystal-
lization.

There are many reports giving grain sizes for micro-al-
loyed steels after reheating. This grain size is the initial
value for the roll pass scheduler. Köthe3) reported that the
grain size is below 100 mm at 1 250°C. Zheng and co-work-
ers14) stated that 200 mm is a good approximation for a
V–Ti steel after 1 h reheating at 1 170°C. Hong and Park20)

used 200 mm in their investigation. The initial grain size 
before the rolling is taken as 200 mm in the current work
Furthermore, it is assumed that there exists no precipitation
of Nb(C, N) or accumulated plastic strain in the beginning.

Recrystallization can be prevented by strain induced pre-
cipitation. Thus the program starts with computing the
amount of precipitation. If too much precipitation has oc-
curred, then there will be no recrystallisation else it is de-
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Fig. 1. The flow chart for each rolling pass of the roll pass
schedule generator.



termined whether the recrystallization is metadynamic
(MDRX) or static (SRX). Thereafter the effect of recrystal-
lization on the accumulated plastic strain and grain size is
computed. Grain growth is only computed after recrystal-
lization is complete. Finally, it is predicted what the final
microstructure, ferrite grain size, would become if the plate
is cooled to room temperature in the current state. The de-
tails of the model are explained below.

2.3.1. Precipitation Model

Significant strain induced precipitation effectively stops
SRX that might occur during the short time for the reduc-
tion during the rolling.25) Abad et al.11) established that the
precipitation needed to reach 5% completion in order to be
effective to prevent SRX. Hence, it is assumed that if 5%
precipitation is reached then no SRX occurs.

The Dutta and Sellars model25) describes the strain-in-
duced precipitation from supersaturated austenite, under
isothermal conditions. Since the model was derived under
isothermal conditions, the additivity rule11) was employed
to enable its application during cooling. The criterion for
5% precipitation is written as

............................(6)

where D t is the time increment the cooling curve is divided
into. It is taken as 0.1 s. Furthermore, t0.05m(Tj) is the time
needed for 5% precipitation at temperature Tj. The left
hand side is accumulated over all roll passes. Siciliano and
Jonas9) concluded that the time for t0.05m, for steel with ad-
ditions of Mn and Si should be

..................(7)

where t0.05p is the corresponding time for the isothermal
strain-induced precipitation of Nb (C, N) according to9,25)

.............................(8)

where R is the gas molar constant 8.314 [J/mol/K] and T is
temperature [K]. B, Qdef and Qdi are constants, B�2.5 ·1010

[K3], Qdef�400 [kJ/mol]11,25), Qdi�270 [kJ/mol].9,25). Ks is
the supersaturation ratio proposed by Irvine27) Ks decides
the driving force for precipitation. Ks can be obtained by9)

..............(9)

where Trh is the reheat temperature [K] applied before the
plate is rolled.

2.3.2. Recrystallization and Grain Growth

The model first determines whether MDRX occurs dur-
ing the reduction and also SRX after the rolling pass. X de-
notes the recrystallized fraction of the material. The grain
growth is assumed to start when the recrystallisation is
complete, taken as X�0.99.

This recrystallized fraction of the material will have a
low plastic strain. The fraction that recrystallized during a
pass should then be followed separately with its own accu-
mulated plastic strain. This is avoided in the current work
in order to have an efficient model. The plastic strain com-
puted according to Eq. (4) is therefore reduced as described
below when recrystallization occurs. This is compensated
by resetting X to zero after each roll pass, since the material
is plastic deformed and the recrystallization starts from
these new conditions. The plastic strain is assumed to be
homogeneous over the cross section in every pass, the cross
section is numerical treated as one fraction.

A more detailed model would follow the recrystallized
fraction in each pass during later passes and with separate
tracing of the plastic strain in this fraction.

The factors that determine influence on the recrystalliza-
tion are steel grade, temperature, strain rate, strain and cur-
rent grain size.13) The evolution of the recrystallisation is
assumed to follow the Avrami equation:

.......................(10)

where t0.5 is the time for 50% for SRX or MDRX and n is a
constant. For static recrystallization11) n is 1, and 1.06 for
metadynamic recrystallization.17) Each of the models are
evaluated and their contributions to X are added. The addi-
tivity rule was shown in Ref. 11) to be a good approxima-
tion for solving the equation, since the plate cools down in
the interpass times and the equations for t0.5 are derived
under isothermal conditions. The cooling curve is divided
into steps each with constant temperature and the integral is
taken over the roll pass time. The time steps are 0.001 [s]
for MDRX and 0.1 [s] for SRX.

The t0.5 in Eq. (10) is different for SRX and MDRX. The
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Fig. 2. The flow chart of the microstructure model.



change in temperature during the interpass time is consid-
ered in the expressions using the temperature, but not the
change of any further parameters in these expressions. The
time for 50% MDRX, t0.5MDRX is determined by the formula
derived in17):

............(11)

where QMDRX is the activation energy taken as 67 [kJ/mol]
and d0 [mm] is the entry austenite grain size in the pass.

MDRX is assumed to occur only if e1
p exceeds a critical

strain e c determined as9)

e c�(0.8�13Nbeff�112Nb2
eff)ep................(12)

where ep is the peak strain from a true stress–strain curve
for the material. Nbeff gives the effect of niobium.

Extensive works9,15–17) have been done regarding the ef-
fect of niobium and titanium on the recrystallization of the
austenite. The observations indicate that niobium in solid
solution has a retarding effect. The effective Nb content is
determined as9)

.....................(13)

The relation has been determined for composition ranges of
Nb 0.010–0.058%, Mn 0.35–1.33% and 0.01–0.23% Si.

The peak train ep was assumed for a Nb–Ti steel18) to be
possible to compute by the relation

.......(14)

where Z is the Zener–Hollomon parameter

................................(15)

where the deformation activation energy Q is 325 [kJ/mol].
The static recrystallization occurs between the rolling

passes provided it is not prevented by precipitation as dis-
cussed earlier. The time for 50% SRX t0.5SRX for a Nb–Ti
steel is determined by the formula derived by Fernandez
and co-workers16)

.............(16)

The grain size is affected by the recrystallization and grain
growth. The latter is only applied when the recrystallisation
is complete. It is possible to have a partially recrystallized
microstructure after a pass if the recrystallisation is not
complete when the interpass time stops. Then the new grain
size d1 is determined as an average of the entry grain size d0

and the grain size dMDRX or SRX of the recrystallized fraction
after MDRX or SRX:

d1�(1�X)d0�X ·dMDRX or SRX..................(17)

The metadynamically recrystallized grain size dMDRX is
mainly dependent on the strain rate and temperature.17,18)

According to Fernandez and co-workers, dMDRX can be de-
scribed as18):

dMDRX�812 ·Z�0.13..........................(18)

where the Zener–Hollomon parameter Z is obtained from
Eq. (15).

Thereafter static recrystallisation may occur. A corre-
sponding formula as Eq. (16) is then applied where dMDRX

is replaced by dSRX. The exit grain size dSRX in the static re-
crystallized fraction computed as19)

dSRX�Kd0
me1

p�v
.............................(19)

where K, m and v are material dependent constants.11,12,20)

The values are K�1.4, m�0.56 and v�1 in11) for Nb–Ti
steel. They are K�1.1, m�0.67, v�0.67 in12) and K�0.5,
m�0.67, v�1 in20) for C–Mn-steels. In this study the values
of K, m and v has been determined from the full-scale ex-
periments giving K�1.3, m�0.65 and v�0.67. See the sec-
tion about the full-scale experiments.

The material is assigned an entry plastic strain e1
p in the

last time increment of any interpass time. This entry plastic
strain is used in Eq. (4). The model is updated with follow-
ing expression

e0
p�l(1�X)e1

p .............................(20)

where l is a constant, reported to fall between [0.5–
1].10,12,21) In this work l�1 is used.

Grain growth is accounted for when the recrystallization
is complete (X�0.99). It is assumed to follow the equa-
tion10):

..................(21)

where t [s] is the time after the recrystallization is com-
pleted. Qg is the apparent activation energy for growth, u is
the growth exponent, and k is a constant. Different values
of u and k have been reported depending on the steel
grade.17,22) Minami and co-workers22) set that u�4.5,
k�4.1 ·1023 [1/s], and Qg�435 [kJ/mol] for Nb-steels. In
Ref. 17), u�7, k�1.31 ·1018 [1/s], Qg�172 [kJ/mol] for
SRX and u�7, k�4.32 ·1019 [1/s] and Qg�217 [kJ/mol] for
MDRX. Different values of m, k and Qg were tested in the
pass schedule generator. Good agreement was obtained, for
u�7, k�9 ·1025 [1/s], Qg�435 [kJ/mol] for both SRX and
MDRX. Equation (21) was also solved with the additivity
rule.

2.3.3. Model for Final Ferrite Grain Size

The ferrite size can be expressed as a function of the
austenite grain size, retained strain, chemical composition
and cooling rate.23) The cooling rate is controlled by the
amount of accelerated cooling in Oxelösund. According to
Gibbs and co-workers, the strongest influence on the ferrite
grain size is the amount of retained strain.24) A relationship
between the final ferrite grain size da and the influencing
parameters is24)

da�(1�0.8e1
p0.15)(29�5√ Ṫ

—
�20(1�e�0.015d1))....(22)

whereis e1
p the retained strain when the cooling starts,

Ṫ [°C/s] is cooling rate, d1 [mm] is the austenite grain size.
The cooling rate was set to 0.5 [°C/s] during the final cool-
ing of the plate after rolling corresponding to air cooling
for 70 mm plate and 2.5 [°C/s] for 40 mm plate. This is the
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ferrite grain size that would be obtained if the plate with the
current austenite grain size and plastic strain is cooled to
room temperature.

3. Experiments for Calibration and Validation of the
Model

3.1. Experiments for the Austenite Grain Size

The experiments were used to calibrate the parameters K,
m and v in Eq. (19). Four steel plates were rolled in the
four-high mill in Oxelösund and cooled in the equipment
for accelerated cooling in order to investigate the austenite
grain size. All plates were rolled with short interpass times,
in the range of 5–15 [s] between the passes. Their detailed
chemical compositions are displayed in Table 1. The sili-
con content of the steels in the experiments were outside
the composition range for Eq. (7) but it is assumed that the
equation can be used also for these steels.

The pass schedules for the experiments are shown in
Table 2. The reheat temperatures were around 1 160°C.

3.2. Experiments for the Ferrite Grain Size after TM-
rolling

Another set of experiments was carried out at a labora-
tory mill at MEFOS29) where the ferrite grain size was
measured after cooling to room temperature. These tests
were used to validate the ferrite prediction of the model,
which is the crucial item in the model. Table 3 shows the
chemical compositions of the rolled specimens and Table 4
shows the pass schedules.

3.3. Eeasurements of Grain Sizes

Probes were cut from the full-scale rolled plates in Tables

1 and 2. The measurements of austenite grain size were ob-
tained by polishing and etching with Bechet-Beaujard. This
reveals the prior austenite grain boundaries. The structures
were photographed at locations in the thickness directions
that were a quarter of the thickness and in the center of the
plates. Five photos were taken on each depth. These pic-
tures were used for a compare analysis and two intercept
analyses per probe. The five pictures were compared to
standardized pictures of structures, and an average ASTM-
value was received. The mean width and mean height of ap-
proximately 100 grains per direction were determined. The
measurements gave mean intercept values and correspon-
ding ASTM-value in the horizontal rolling direction and an
intercept in the vertical thickness direction, respectively.
The average grain size on each depth was also determined
as the half of the horizontal intercept plus the half of the
vertical intercept.

The image analysis system mGOP 2000/s has been used
in order to determine the ferrite grain size for the cases in
Tables 3 and 4. More than 1 100 grains have been measured
in each sample.29)

3.4. Calibration of Model

The full-scale experiments were used to calibrate the
full-scale generator. A comparison between measurements
of the full-scale experiments and simulations was used in
order to determine the parameters K, m, v and k in Eqs.
(18), (21). K�1.3, m�0.65 and v�0.67, k�9 ·10.25) After
this calibration, no more adjustments of the microstructure
model were done. The horizontal, vertical, average and sim-
ulated austenite grain sizes for the four different experi-
ments are listed in Table 5.

Five pictures were taken from the test pieces and com-
pared on every depth.

The recrystallization regime was only static in number
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Table 1. Chemical compositions of the steels (in mass%) for
the austenite grain size experiments.

Table 2. The basics of the pass schedules in the full-scale experiments on plates in Table 1.

Table 3. Chemical compositions of the steels (in mass%) for
the ferrite grain size experiments.



case 1, 2 and 4 as no precipitation occurred. MDRX oc-
curred after the fifth pass of case 3. The simulations showed
that the temperature has a great influence on the mi-
crostructure. It is important that the temperature calcula-
tions are accomplished with high precision, to ensure accu-
rate material properties.

3.5. Validation of Model

The proposed model is validated by comparing the pre-
dicted ferrite grain sizes with the measured ones from the
experiments summarised in Tables 3 and 4. The results are
also compared with predictions for plate rolling by the pro-
gram MicDel, listed in.29) The reason for the comparisons
with MicDel is that MicDel is established software and is
considered as a good method for microstructure analyses.29)

The MicDel model is based on semi-empirical equations
for volume fraction of recrystallized austenite and recrys-
tallized austenite grain size according to Eqs. (23), (24) and
(25):

........................(23)

..................(24)

.....................(25)

where X is the volume fraction of recrystallized austenite at
the time t after deformation, t0.5SRX is the time for 50%
static recrystallization, dSRX is the recrystallized austenite
grain size. The constants kMicDel, n, A, a, b, c, B, d, e and f
are unique for each steel and dependent on its chemical
composition. The pass schedule and the material coeffi-
cients for recrystallization are given in the input. The out-
put is the calculated average austenite grain size and the
ferrite grain size.30) MicDel was practically applied on dif-
ferent kinds of steels with series of fitting parameters
gained from laboratory results. The result is listed in Tabled Bd ed e
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Table 4. The basics of the pass schedules rolled in the four-high reversible rolling mill at MEFOS.

Table 5. The horizontal, vertical, average and simulated austenite grain sizes for the plates.

Table 6. The measured and simulated ferrite grain sizes for
the rolling at MEFOS.



6. That should be pointed out, that the initial austenite grain
size d0�20 [mm] in the MicDel-calculations.29) The used
value of 200 [mm] in the current developed software is
more reasonable as the reheat temperature was in the same
range as at normal full-scale rolling. MicDel calculates a
finer ferrite grain size than the pass-schedule generator. The
assumed finer initial austenite grain size in Ref. 29) con-
tributes to finer final grain size. The pass-schedule genera-
tor results in finer grain size for the two 40 mm plates and
coarser grain size for the 70 mm plate than measured. On
the whole, the results from the proposed model in this in-
vestigation are in good agreement with the mGOP-measure-
ments and even better than the MicDel-results.

4. Application of Model

Pass-schedules for a slab of initial thickness 220 mm that
should be given a final thickness 20 mm and width
2 196 mm were determined by the roll pass scheduler as a
demonstrator case. The chemical analysis was the same as
for case 3 in the full-scale experiments. The reheat temper-
ature was simulated as 1 174°C. One pass-schedule without
any long interpass time was also simulated as a reference
case. The results are compiled in Table 7. Different length
of the long interpass time were tested and also the amount
of the pre-deformation before the long interpass time. The
maximal length of this time was set to ten minutes and
placed after the fourth pass. After rolling, two cooling rates
are used, Ṫ �5 [°C/s] and Ṫ �10 [°C/s]. The latter corre-
sponds to the ACcelerated Cooling (ACC) procedure. The
plates rolled with five or ten minutes long delay time are af-
fected of precipitation during the delay time and MDRX in
the finishing rolling. This contributes to the very fine ferrite
grains in these cases. It can be seen that the smallest ferrite
grain size is predicted for the case with four passes before
the delay time and using a length of ten minutes. The de-
crease in temperature due to a long pause leads also to
higher rolling forces. This requires more roll passes with
less reduction in each pass. One can also observe, that even
a pause length of one minute results in smaller ferrite
grains compared to the reference pass schedule. Thus, the
results show that the amount of pre-deformation and the

delay time should be carefully chosen, to avoid unnecessary
low productivity or on the other hand, to ensure a proper
ferrite grain size in the finish rolled material. The software
gives the possibility to find a length of the interpass time
that reduces grain size without increasing the forces so 
that maximum reduction can not be applied in each pass.
Figure 3 illustrates how the austenite grain size changes
during the TM-pass schedule for the plate with 5 min long
delay time. The austenite grain size decreases rapid after
the first passes, during the delay time grain growth occurs
and the precipitation reaches 5%. MDRX occurs in the sec-
ond pass after the delay time.

5. Discussion

The proposed roll pass scheduler is an improvement of
existing software for planning of roll pass schedules at the
heavy plate mill at SSAB in Oxelösund. The software con-
sists of a number of more or less advanced models. The
proposed models for the material behavior were chosen
from different sources, in order to obtain accurate descrip-
tion for the actual steel grades. The motivation for the de-
velopment of the software is the need for a code that is pos-
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Fig. 3. The austenite grain size after every pass in the TM-pass
schedule for the plate with 5 min long delay time. The
initial austenite grain size is 200 mm before the first pass.

Table 7. Simulated results by the pass-schedule generator.



sible to use on-line. Therefore, the existing MicDel was not
an alternative for the complete investigation. Moreover, nei-
ther precipitation of Nb(C, N) nor MDRX are considered in
MicDel. The model for the yield limit in Eq. (3) is impor-
tant for the force calculations. It is obvious that it does not
contain any direct influence of the austenite grain size.
There are also open issues about the effect of precipitation
on the recrystallisation.

Cho and co-workers observed that precipitation could not
prevent dynamic recrystallization.26) The precipitation
model and Eq. (12) were extrapolated for some steel grades
in the investigation with respect to the compositions of Mn
and Si. The used models are however more accurate than
then original model proposed of Dutta and Sellars in Ref.
25) The models were tested on a number of chemical com-
positions in Ref. 9) with acceptable results.

The model assumes homogenous and isotropic condi-
tions over the thickness of the plate and only predicts one
grain size. In reality the austenite grain sizes vary over the
thickness of the plate. They are also more elongated in the
rolling direction. However, the observed variations are
small in the most cases, see Table 5. Zheng established that
uniform and fine ferrite grains of 6 mm can be achieved
using recrystallization controlled rolling.14) Morrison2)

found out that ferrite grain sizes of �5 mm may be obtained
in thin plates of commercially controlled-rolled micro al-
loyed steels.2)

This investigation demonstrates in Table 7 the difficulty
to reach a fine-grained ferrite microstructure. Achieving a
ferrite grain size of 5–6 mm needs a careful investigation of
the pass-schedule before the full-scale production starts, to
secure proper ferrite grain size and avoid unnecessary low
productivity due to long delay time. Longer delay time and
lower finishing rolling temperature promotes finer ferrite
grain size.
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