Mathematical Modeling of the Hot Strip Rolling of

Microalloyed Nb, Multiply-Alloyed Cr-Mo, and Plain C-Mn Steels

FULVIO SICILIANO, Jr. and JOHN J. JONAS

Industrial mill logs from seven different hot strip mills (HSMs) were analyzed in order to calculate
the mean flow stresses (MFSs) developed in each stand. The schedules were typical of the processing
of microalloyed Nb, multiply-alloyed Cr-Mo, and plain C-Mn steels. The calculations, based on the
Sims analysis, take into account work roll flattening, redundant strain, and the forward dlip ratio. The
measured stresses are then compared to the predictions of a model based on an improved Misaka
MFS equation, in which solute effects, strain accumulation, and the kinetics of static recrystallization
(SRX) and metadynamic recrystallization (MDRX) are fully accounted for. Good agreement between
the measured and predicted MFSs is obtained over the whole range of rolling temperatures. The
evolution of grain size and the fractional softening are also predicted by the model during all stages
of strip rolling. Specia attention was paid to the Nb steels, in which the occurrence of Nb(C, N)
precipitation strongly influencesthe rolling behavior, preventing softening between passes. The present
study leads to the conclusion that Mn addition retards the strain-induced precipitation of Nb; by
contrast, Si addition has an accelerating effect. The critical strain for the onset of dynamic recrystalliza-
tion (DRX) in Nb steels is derived, and it is shown that the critical strain/peak strain ratio decreases
with increasing Nb content; furthermore, Mn and Si have marginal but opposite effects. It is demon-
strated that DRX followed by MDRX occurs under most conditions of hot strip rolling; during the
initial passes, it is due to high strains, low strain rates, and high temperatures, and, in the final passes,

it is a consequence of strain accumulation.

[. INTRODUCTION

THE metallurgical features of plate rolling are now
largely understood.[*-% Thelong interpass times allow com-
plete static recrystallization (SRX) to take place if the steel
is being rolled above the interpass recrystallization stop
temperature (T,,), i.€., in the absence of carbonitride precipi-
tation. Plate rolling below T,, leads to austenite pancaking,
because strain-induced precipitation prevents any further
SRX from occurring. By contrast, during the very short
interpass times involved in rod rolling, neither SRX nor
precipitation can take place, '~ and, in contrast to plate
rolling, the strain accumulation that takes place leads to
dynamic recrystallization (DRX) followed by metadynamic
recrystallization (MDRX). Thus, the metallurgical character-
istics of plate rolling, on the one hand, and of rod rolling,
on the other hand, are now fairly clear.

From the point of view of interpass time, strip rolling
falls between the two processes discussed previously. During
theinitial passes, when theinterpasstimes are still relatively
long, the metallurgical behavior is similar to plate rolling.
Asthe interpass interval s become shorter, the characteristics
approach those of rod rolling. Because the classification of
strip rolling as being like plate rolling, on the one hand, or
like rod rolling, on the other, depends on chemistry and
rolling schedule as well as pass number, arelatively simple
and generally accepted analysis of this process has not yet

FULVIO SICILIANO, Jr., Research Associate, and JOHN J. JONAS,
Professor, are with the Department of Metallurgical Engineering, McGill
University, Montreal, PQ, Canada H3A 2B2.

Manuscript submitted March 22, 1999.

METALLURGICAL AND MATERIALS TRANSACTIONS A

been achieved. The goal of the present research was, there-
fore, to characterize strip rolling in terms of softening mecha-
nism, strain accumul ation, grain size, and precipitation. Also,
the rolling behavior of microaloyed Nb, plain C-Mn, and
some Cr-Mo grades will be considered and compared.

Another important point that arose from this study is that
thelevelsof Mnand Si present in the steel appear toinfluence
the precipitation behavior during strip rolling. The occur-
rence of precipitation changes the rolling load and must,
therefore, be accurately predicted.

Hodgson[*® has carried out an excellent analysis of the
different types of mathematical models and has supplied a
list of the advantages associated with the application of a
particular model to a given practical situation. According
to this author, the main advantages are (1) a reduction in
the number of mill trials, (2) an evaluation of hardware
modifications, (3) the prediction of variables that cannot
be measured, (4) an estimation of the effect of interactions,
(5) the potential for performance enhancement, and (6)
inexpensive research costs.

The applicability of any model must be intensively tested
in advance, preferably with industrial data. That is the
approach that was employed here. After an improved accu-
racy in predicting the operational parameters has been dem-
onstrated, the model can then be applied to production.

The analysis of mean flow stress (MFS) behavior as a
function of inverse absolute temperature permits identifica-
tion of the main microstructural changes taking place during
rolling. Theseinclude SRX, DRX followed by MDRX, strain
accumulation, and phase transformation. Figure 1 illustrates
these phenomena schematically in the form of an MFS vs
UT curve for a hypothetical five-pass schedule. Beginning
at the first pass (on the left-hand, or high-temperature side),
there is a low-dope region, within which SRX occurs. The
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Fig. 1—Schematic representation of the evolution of MFS as a function
of the inverse absolute temperature. Each characteristic slope is associated
with a distinct metallurgical phenomenon.

high temperature permits full softening to take place during
the interpass interval. After pass 2, the lower temperature
does not permit full softening, leading to strain accumula-
tion. This accumulation then leads to the onset of DRX (as
long as there is no precipitation), which is followed by
MDRX between passes 3 and 4.

The analysis of MFS curves as described previously was
first proposed by Boratto et al.l! for determination of the
three critical temperatures of steel rolling (Ar3, Arl, and
To).[234 This technique has also been used to deduce that
DRX occurs in seamless tube rolling!*®'" as well as in hot
strip mills (HSMs).[*829 Sarmento and Evand®®! came to
similar conclusions in their analysis of industrial data from
two HSMs.

The main types of controlled rolling considered here are
listed in the following paragraphs.

Recrystallization-Controlled Rolling. In the schedules
considered subsequently, as long as strip rolling is carried
out above T,,, SRX is considered to take place. Conversely,
below T, there is strain accumulation.

Conventional-Controlled Rolling. Here, finishing is
employed to flatten or “pancake’ the austenite grains at
temperatures below T,. In this case, the particle pinning
resulting from the precipitation of Nb(C, N) retards or even
prevents the occurrence of recrystallization. In the absence
of precipitation, as long as rolling is carried out below T,
for static recrystallization, the strain accumulation that takes
place can trigger DRX followed by MDRX, leading to rapid
softening between passes. In terms of mathematical model-
ing, if there is no precipitation and the accumulated strain
exceeds the critical strain, DRX is initiated, often causing
full and fast softening. Thisisusually associated with unpre-
dictable load drops in the final passes.[*)

Dynamic Recrystallization-Controlled Rolling. This type
of process consists of inducing DRX in one or more passes
during the rolling schedule. This can be done either by
applying large single strains to the material or via strain
accumulation. Both methods allow the total strain to exceed
the critical strain for the initiation of DRX. Some of the
benefits of thisapproach involvetheintense grain refinement
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Fig. 2—Temperature-time diagrams comparing three rolling approaches:

(a) recrystallization controlled rolling, (b) conventional controlled rolling,
and (c) dynamic recrystallization controlled rolling.

caused by DRX when high strain rates are employed and
large strains are applied (this corresponds to single-peak
behavior in the stress-strain curve). Circumstantial evidence
for the occurrence of DRX in seamless tube rolling!*67 and
HSM 18192122 can be found in the literature.
Figure2illustrates schematically thethreedifferent rolling
paradigms described previously for a hypothetical five-pass
schedule. The conditions associated with each type of rolling
aredisplayedin Tablel. Knowledge of therolling parameters
and process limitations associated with each method makes
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Tablel. Mechanistic Conditions Pertaining to the Three Controlled Rolling Techniques

Role of Relation between
Type of T Range with Strain-Induced Precipitation and
Process Respect to Ty, Precipitation Recrystallization
RCR above absence required SRX before precipitation
CCR below presence required precipitation before SRX or DRX
DRCR below absence required no SRX; DRX before precipitation

possible the design of rolling schedules to fit the needs and
constraints of each case.

Il EXPERIMENTAL PROCEDURE

The present work combines the use of models developed
from hot torsion test data and from the analysis of industrial
mill logs.

A. Materials

Various materials were tested and were divided into three
groups: microalloyed Nb (group A), multiply alloyed Cr-
Mo (group B), and plain C-Mn (group C) steels. Tables Il
and |11 list the grades studied here. In group A (Table II),
some steelshavelow Si contents, with the same base compo-
sition (e.g., AD5 and AD6 and AD7 and ADS8). Other types
have different Mn contents, with the same base composition
(eg., AD9 and AD10 and AD2, AD3, and AD4). These
grades are used to study the influences of Mn and Si on the
precipitation of Nb(C, N) and on the critical strain/peak
strain ratio. Table 111 gives the chemical compositions of
some of the multiply alloyed Cr-Mo and plain C-Mn grades
studied here. The steels used for the torsion tests are marked
with “TT.”

B. Analysis of Mill Log Data

Logged data were collected from the following five
HSMs. Dofasco seven-stand HSM (Hamilton, Canada),
Algoma six-stand—2.69-m-wide HSM (Sault Ste. Marie,
Canada), Sumitomo seven-stand HSM (Kashima, Japan),
Sumitomo seven-stand HSM (Wakayama, Japan), and BHP
six-stand HSM (Port Kembla, Australia). Data from two
other HSM's were taken from the literature.[*¥ One is from
the Usiminas six-stand HSM in Brazil, and the other is an
unidentified seven-stand HSM referred to here as “Davy.”

Some 1300 logs were made available for analysis, of
which about 300 were examined in detail. The data that
were employed consisted of interstand distances, work roll
diameters, and pyrometer locations. For each strip, the fol-
lowing data were used: chemical composition, strip width,
strip thicknesses before and after all passes (H and h, respec-
tively), work roll rotational speeds, roll forces, and tempera-
tures (mean values) for each pass, according to a model or
to entry and exit temperatures.

The previous parameters were then employed to calculate
the true strains, strain rates, interpass times, and MFSs,
according to the Sims formulation.[4?® The corrections for
roll flattening,?*?% redundant strain, and forward dlip

between roll and strilB® were taken into account in these

Tablell. Chemical Compositions of the Niobium Steels Investigated (Group A)

Steel Plant C Mn S Nb Ti N* Al P S
AALTT Algoma 0.05 0.35 0.010 0.035 — 0.004 0.043 0.008 0.006
AA2 Algoma 0.05 0.70 0.100 0.053 — 0.005 0.045 0.007 0.004
AA3 Algoma 0.06 0.70 0.110 0.058 — 0.005 0.045 0.008 0.004
ASLTT Sumitomo 0.07 112 0.050 0.023 0.016 0.000 0.029 0.019 0.002
AS2TT Sumitomo 0.09 133 0.060 0.036 0.016 0.003 0.019 0.017 0.020
AB BHP 0.11 1.05 0.010 0.031 — 0.003 0.040 0.012 0.012
AD1 Dofasco 0.06 0.65 0.225 0.020 — 0.004 0.035 0.008 0.005
AD2 Dofasco 0.14 0.65 0.225 0.020 — 0.004 0.035 0.008 0.005
AD3 Dofasco 0.12 0.85 0.225 0.020 — 0.004 0.035 0.008 0.005
ADA4 Dofasco 0.12 1.00 0.225 0.020 — 0.004 0.035 0.008 0.005
AD5 Dofasco 0.06 0.65 0.115 0.030 — 0.004 0.035 0.008 0.005
AD6 Dofasco 0.06 0.65 0.010 0.030 — 0.004 0.035 0.008 0.005
AD7 Dofasco 0.06 0.65 0.115 0.045 — 0.004 0.035 0.008 0.005
ADS8 Dofasco 0.06 0.65 0.010 0.045 — 0.004 0.035 0.008 0.005
AD9 Dofasco 0.06 0.45 0.010 0.008 — 0.004 0.035 0.008 0.005
AD10 Dofasco 0.06 0.65 0.010 0.008 — 0.004 0.035 0.008 0.005
AD11 Dofasco 0.06 125 0.325 0.075 0.024 0.004 0.035 0.008 0.005
AD12 Dofasco 0.06 1.25 0.325 0.080 — 0.004 0.035 0.008 0.005
AM1 “Davy” 0.06 0.70 0.070 0.050 — 0.004 0.051 0.018 0.013
AM2 “Davy” 0.05 0.45 0.020 0.020 — 0.005 0.047 0.014 0.008
AU Usiminas 0.11 0.54 0.002 0.018 — 0.004 0.057 0.014 0.008

*For the Dofasco grades, a mean value of 40 ppm N is listed here. The actual values are taken into account in the spreadsheets.
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Tablelll. Chemical Compositions of the M

ultiply-Alloyed and Plain C-Mn Steels

Group Steel Plant C Mn Si Nb Ti Cr Mo \% Ni N Al P S
B BCM Sumitomo 028 052 0220 — — 083 015 — — 0.005 0.026 0016 0.004
BCMV  Sumitomo 041 0.63 0.280 — 0.015 138 0.60 027 0.02 0.006 0.046 0013 0.001

BCMVN Sumitomo 047 066 0.170 0.016 0.016 098 097 012 046 0004 0.042 0016 0.004

C CATT Algoma 0.03 027 0.010 — —
CS1™  Sumitomo 0.10 1.08 0.060 — —

CS2 Sumitomo 045 0.76 0.210 — —

CD Dofasco 0.06 027 0.000 — —

CM “Davy” 0.03 0.24 0.020 — —

Cu Usiminas 0.05 024 0.002 — —

— — — — 0004 0042 0.008 0.010
— — — — 0.003 0.020 0.017 0.003
— — — — 0005 0.004 0.017 0.004
— — — — 0.004 0.035 0.007 0.005
— — — — 0004 0042 0.009 0.006
— — — — 0.004 0.030 0.016 0.010

calculations and were organized using MICROSOFT
EXCEL* spreadsheet software. Some typical spreadsheet

* MICROSOFT and EXCEL are trademarks of the Microsoft Corpora-
tion, Redmond, WA.

inputs and outputs are shown in Table V. The same spread-
sheet was used for the microalloyed Nb, multiply alloyed
Cr-Mo, and plain C-Mn grades; this is because it does not
consider microstructure but only mechanical parameters.

1. THE SUBMODELS APPLIED TO HOT
STRIP ROLLING

A. The MFS Model

Improvement of the Misaka equation

Misaka's equation!?®! has often been employed to specify
the MFS for C-Mn steels during hot strip rolling. It will be
used here as the basis for a modified equation that takes
into account the effects of different alloying elements, such
as Mn, Nb, and Ti. The Misaka equation is displayed in Eq.

TablelV. Example of the Spreadsheet Calcul

[1]; here, the MFS (ow) is a function of the strain, strain
rate, temperature, and carbon content in weight percent.

om = exp (0.126 — 1.75C + 0.594C?
(4

n 2851 + 2968C — 1120C?

021,013
g
T )

According to the present method, the Sims formulation
is employed to calculate and plot the MFS vs 1000/T for
several bars. Because strip rolling reductions are applied at
various strains and strain rates, al the derived MFSs are
“normalized” to e = 0.4 and ¢ = 55 L1272

An example of this approach for grade D5 is illustrated
in Figure 3. It can be seen that Misaka's equation overpre-
dicts the MFSs obtained from the mill logs for this 0.03 pct
Nb steel. On the other hand, it underpredicts the MFSs for
some higher Nb grades.?® The trend of the Misaka equation
fits the mill log values reasonably well in the region where
the slope is quite shallow (i.e., at low 1/T or high T values).
Thisindicates that full SRX is occurring between the passes

ations Carried Out Using the Mill Data

Inputs; Data from mill logs

Roll Radius Roll Speed Width Gage Temperature Roll Force
Pass (mm) (rpm) (mm) (mm) (°C) (Tonne)
— — — — 30.60 — —
F1 394 339 1264 17.33 987 2157
F2 391 54.5 1264 10.79 951 2223
F3 381 79.2 1264 7.42 915 2116
F4 365 119.0 1264 5.10 907 1691
F5 363 1471 1264 3.90 896 1357
F6 376 167.2 1264 314 884 1264
F7 378 172.0 1264 261 872 1627
Outputs
Hitchcock Forward Nominal Total Strain Rate Interpass 1000/T Sims MFS
Pass R (mm) Slip Factor Strain Strain* (s Time (s) (K™ (MPa)
F1 403 110 0.66 0.75 12.9 3.48 0.79 116
F2 412 1.09 0.55 0.61 25.2 214 0.82 151
F3 416 1.08 043 0.48 413 1.48 0.84 179
F4 402 1.08 0.43 0.47 72.7 101 0.85 151
F5 428 1.06 0.31 0.34 94.2 0.79 0.86 178
F6 472 1.05 0.25 0.27 115 0.63 0.86 185
F7 561 1.04 0.21 0.23 131 — 0.87 250

*Includes the redundant strain.
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Fig. 3—Comparison of Misaka's equation and the present equation (MFS*)
based on chemical composition and fitted to the mill (Sims) data in the
SRX region. Here, the mill data for grade AD5 (0.03 pct Nb) are corrected
to a constant strain of 0.4 and a constant strain rate of 5 s L.

inthisregion. A solution-strengthening factor can, therefore,
be added that allows Misaka's equation to fit all grades. For
compositions AS1, AS2, and AB, for example, a correction
for solute strengthening due to the high Mn content (1.12,
1.33, and 1.08, respectively), allows Misaka's equation to
fit the mill values.”® Another correction is still required for
the occurrence of strain accumulation and DRX, which leads
to departures from Misaka-type behavior at high values of
UT (i.e, low T). For this purpose, the model by Yada and
Senumal?>3031 was adapted and tested.?>2"2°1 This pro-
duced the following final MFS equation:

MFS, = (MFSyiska (0.768 + 0.51INb + 0.137Mn

+ 4.217Ti)) X (1 — Xgn) + KowXeyn

Here, Xyn is the softening attributable to DRX, o is the
steady-state stress, and K = 1.14 isaparameter that converts
flow stress to MFS.

Equation [2] is valid over the following concentration
ranges. 0.020 to 0.080 pct Nb, 0.35 to 1.33 pct Mn, and O
to 0.024 pct Ti. This approach has been used successfully
to calculate the MFSs in plain C-Mnf?>27 as well as in Cr-
Mo steels,?”32 and the respective equations are displayed
in Egs. [3] and [4], respectively

MFSEmn = (MFSwiska (0.768 + 0.137Mn))

X (1 = Xayn) + KossXgyn

The Mn concentrations studied ranged from 0.27 to 1.08
pct. For the multiply aloyed steels, the following relation
is applicable:?732

MFSE w0 = (MFSyiska (0.835 + 0.5INb + 0.098Mn
+ 0.128Cr%8 + 0.144Mc°3 + 0.175V  [4]
+ 0.0INi)) X (1 — Xgyn) + KoeeXayn

Equation [4] isconsidered to apply to thefollowing composi-
tion ranges: 0.52 to 0.66 pct Mn, 0 to 0.08 pct Nb, 0.83 to
1.38 pct Cr, 0 to 0.46 pct Ni, 0.15 to 0.97 pct Mo, and 0 to
0.27 pct V. Due to the high maximum concentrations of Cr
and Mo, the solution effects approached “saturation;” this
is why exponents are employed in this expression. The

(3]
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effects of the other elements are considered to be linear over
their concentration intervals.*

* Comparison of Tables Il and 1l indicates that the Eq. [2] (group A)
steels (Table I1) have only half the average Si levels (about 0.11) compared
to the Eq. [4] (group B) steels of Table Il (about 0.22 pct Si). At the time
this analysis was carried out, no account was taken of the Si levels on the
MFS and, therefore, on the rolling load. In retrospect, however, this would
have been desirable, as it appears from a study of the previous relations
that the introduction of such aterm may have permitted the use of asingle
set of coefficients.

B. Modeling of Grain Sze and Fractional Softening

During a particular pass of arolling schedule, the sum of
the retained and applied strainswill determine which soften-
ing mechanism (SRX or DRX + MDRX) will operate.
Depending on the type of softening, different equations are
then employed to specify the grain size and fractional soften-
ing. In this section, a method is described that can be used
to follow the microstructural evolution during multipassroll-
ing. For now, no attention is paid to the exact onset of DRX,
and the critical strain is simply taken as a fixed fraction of
the peak strain. The example given subsequently involves
modeling microstructural evolution in a plain C-Mn grade,
and the critical strain is considered to be 0.8 ¢,. The onset
of DRX in Nb steels is discussed in the next section, I11C.

During rolling, the temperature decreases continuously.
Thus, the temperature adopted for each interpass interval
is taken as the average of the prior and subsequent pass
temperatures. Thisassumptionisemployed becausethe pres-
ent eguations were derived for isothermal conditions and
the interpass times are short enough to allow the use of a
single temperature value.

In the present work, the recrystallization and grain-size
relations described subsequently were incorporated into the
MICROSOFT EXCEL spreadsheet software, as shown in
more detail in Section IV. The submodels involved here
were assembled by following a method developed for rod
rolling.[*Y The recrystallization kinetics equations used here
are adaptations of the Avrami—Johnson—M ehl—K olmogorov
equation, with parameters that were selected to fit the mill
data.

1. Softening between passes

A softening model uses parameters such as strain, strain
rate, initial grain size, and temperature to decide upon the
mechanism and cal cul ate the extent of softening. Inan HSM,
the softening between passes can be calculated with the aid
of an MFS equation and temperature corrections. In the
present work, the microstructural evolution equations were
tested directly using the spreadsheet for the three groups of
steels. The ty5 equation selected for each group is shown in
Table V.

Note that Eg. [6] is the only one available for the DRX
kinetics of Nb steels. A similar expression is employed for
the multiply alloyed grades, as derived in a recent study.!*?
For the C-Mn steels, several equations are available; how-
ever, the one devel oped by Hodgson et al.[33%¢ provided the
best fit to the mill logs.

2. Srain accumulation between passes
Partial recrystallization between passes resultsin retained
strain, which must be added to the strain applied in the
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TableV. Equations Describing the Softening Kinetics

Group Type Equation Reference
A SRX tSRX = (—5.24 + 550 [Nb]) X 10~ 18g(~40+77INbD 42 exp (330,000/RT) [5] 33
DRX {MDRX = 4.42 x 10~ 76(-059 exp (153,000/RT) [6] 34,35
B SRX 32
tos = 157 X 1074 - d3- e 2% exp (—271’000> 7
RT
DRX : 330,000\] ** /271,000 8] 32
tos = 1.84 X |:8 - exp <?) exp (?>
C SRX 9 32,36
tSRX = 2.3 X 10 15725 d3 exp 230,000 (9]
RT
—0.8
DRX : 300,000 240,000 [10] 14
MDRX — . ) )
s O.4<e exp( RT )) exp( RT )

subseguent stand. The accumulated strain in passi (i > 1)
then becomes®”

e = g + Kool — Xi—1)gi—1 (11]

where X is the fractional softening and K. is a constant.
The value of K, was reported in the literature as falling
between 0.5 and 1.1**3"1 The parameter K. can be related
to the rate of recovery. High rates of recovery result in less
accumulated strain. Thisis clear from the work of Gibbs et
al.,®" where longer interpass times led to K. = 0.5 and
shorter interpass times (less recovery) to Ky = 1. In the
present hot strip model, the K. constant is assumed to be
1 and the accumulated strain is used in al the calculations.
The latter is considered to represent the average strain pres-
ent within the material.

3. Grain-size evolution

a. Recrystallized grain size

This calculation simply takesinto account the initial grain
size, strain, and/or strain rate. The grain size after SRX is
well known to be strongly dependent on the prior strain and
only dependson the strain rateto aminor extent. On the other
hand, the grain sizes after MDRX are strongly dependent on
the strain rate.[141534-36.38-411 The equations used here are
listed in Table VI.

The grain size pertaining to the entrance of a given pass
is considered to be the “initial” grain size (dg). Note that
the equations used to model the recrystallized grain sizes
for the steels pertaining to groups A and B are the same;
thisis due to the lack of appropriate equations for the multi-
ply alloyed steels.

Inthe case of incomplete recrystallization, theinitial grain
size for the following pass (dyi+1) can be calculated using
the following relation,**334 which specifies a kind of
“average” derived from the freshly formed and origina
grain sizes:

d0i+1 = dr@(i X X|4/3 + dOi (1 - Xi)2 [18]

With this formulation, when X; is close to 1, the initial grain
size for the following pass is d.e;. On the other hand, if X;
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issmall, dy ., will be close to the original grain size, dy; in
the latter case, the grains only change their shapes because
of the applied strain.[*4

b. Grain growth after recrystallization

After completerecrystallization, the microstructureis sub-
jected to grain growth; thisis driven by the decrease in free
energy associated with the grain boundaries. For the group
A and B steels, one single equation (Eq. [19]) was employed
to describe grain growth:

d4% = d3% + 4.1 x 10% X t,
X exp (—435,000/RT)

(19]

Although the previous equation was derived for Nb steels,
it is used here to describe grain growth in the multiply
alloyed steelsaswell. Thisisdue to thelack of an equation
for the multiply alloyed grades, and because the alloying
elements present in the group B grades make it more rea-
sonable to adopt an equation derived for Nb steels than
one derived for C-Mn grades. The grain-growth kinetics
in Nb and multiply alloyed steels are, of course, expected
to be slower than in plain C-Mn compositions dueto solute
drag. For the group C (C-Mn) steels, however, a group of
equations is available to describe grain growth. The
method used here was proposed by Hodgson et al.[11:36:44]
and is a“pragmatic” one, based on both laboratory* and
industrial™™¥ observations.

It should be noted that there is a large difference between
the rate of growth during the first second of the interpass
interval and the remaining time. This difference may arise
because of the large driving force for grain growth present
intheinitially fine-grained structure. Another possible effect
concerns the presence of “deformation” vacancies immedi-
ately after rolling, which could accelerate growth.*S! This
transition was handled by adopting different grain-growth
exponents for each stagel* and by using the following
equations.

METALLURGICAL AND MATERIALS TRANSACTIONS A



TableVI. Equations Describing the Recrystallized Grain Size

Group Type Equation Ref.
A SRX Osrx = 1.1 - d§%7 - £7067 [12] 42
_ 13
DRX dMDRX = 1370 X 870'13 eXp (—45’OOO> [ ] 34
RT
B SRX dsrx = 1.1 - d367 - £=067 [14] 41
— 15
DRX dMDRX = 1370 X 870'13 eXp( 45,000) [ ] 35
RT
C SRX o — 343 - 2% - 595 exp (—45,000) [16] 33,36
RT
. -0.23 1
DRX dwprx = 2.6 X 10* - <s - exp (30(;200)) (17 33,36
SRX,tp<1s [20] Eq. [3], based on the Misaka equation. The observed and
predicted MFSsarecomparedin Table VI, wherethediffer-
d2 = dey + 4.0 X 107 (tp — 4.32th5) exp —113,000 ences between the three sets of MFSs are aso shown (in
RT percentage).
The “basic” version of the prediction spreadsheet
MDRX, tp<1s [21] described previously, allowing for strain accumulation and
~113.000 DRX + MDRX, is considered to be fully applicable to the
d? = dfiprx + 1.2 X 107 (tj, — 2.651tg5) eXp (T) group C (C-Mn) grades. However, for Nb steels, the critical
gtrain for the initiation of DRX must be accurately known,
SRX, tp > 15 [22] and agreement regart_ji ng t.hisquanti.ty islac}(i ngin th(nT litera-
ture. The actual precipitation start time during hot strip roll-
_ —400,000 ing is aso an unknown quantity. In the next two sections
d7=ddpx + 1.5X 107 (tp — 4.32t05) exp( RT ) (C and D), some improved methods for the estimation of
these two parameters will, therefore, be proposed and
MDRX, t,>1s [23] described for the Nb grades.
—400,000
d’=dj + 8.2 X 10% (t;, — 2.651y5) exp| ————
MPRX (& 0s) p( RT ) C. Critical Strain for the Initiation of DRX

4. Design of the microstructural-prediction
spreadsheet

The previous equations describing the microstructural
events can now be organized into a spreadsheet. Basically,
the spreadsheet parameters displayed in Table VII are used
as input data to simulate the microstructural changes taking
place during hot rolling, in a pass-by-pass analysis. The
starting grain size (after roughing and before strip rolling)
is adopted as 100 um for the C-Mn grades and as 80 um
for the others. The subsequent grain sizes are calculated
after recrystallization and grain growth, and the results con-
stitute the input data for the next pass. Both the accumulated
strain as well as the redundant strain are employed through-
out the calculations. Some typical inputs and outputs of the
microstructural-evol ution spreadsheet aregivenin Table V1.
The following example uses data from the Dofasco HSM,
grade CD.

In C-Mn steels, mechanisms such as carbonitride precipi-
tation followed by strain accumulation do not take place, so
only SRX aswell as DRX + MDRX effects are considered
here. The observed MFSis calculated using the Sims formu-
lation (from the mill data). Then, predictions are made using

METALLURGICAL AND MATERIALS TRANSACTIONS A

The critical strain for the onset of DRX is an important
parameter employed in the mathematical modeling of micro-
structural evolution and of rolling load. Knowledge of the
critical strain for the initiation of DRX is a requirement for
prediction of the operating softening mechanisms in hot
working processes.

For the present purpose, it is useful to express the critical
gtrain for the initiation of DRX (e) as a function of the
peak strain (gp), as determined from a stress-strain curve.
This is because several equations are available to specify
the peak strain asafunction of initial grain size, temperature,
and strain rate for Nb steels. The e./g, ratio often lies
between 0.67 and 0.861“¢! and is generally considered to be
0.8 for plain C-Mn steels. Previous workers have reported
values for Nb steels as low as 0.65.13% The effects of Nb,
Mn, and Si were taken into account in a recent investiga-
tion,*) and a fit was found for the e./e, ratio. The method
used was to test severa possible values of &./e, and then
to select the ratio that provides the best fit to the Sims MFS
curve. This procedure, thus, specifies the conditions under
which DRX will occur. Over 100 mill logs were tested in
this way using the grades listed in Table |. The resulting
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Table VII.

Spreadsheet Calculation of Grain Size and Fractional Softening in Steel CD, Containing 0.06 Pct C, 0.27 Pct

Mn, 0.007 Pct P, and 0.035 Pct Al

Inputs Steel:CD

Pass do* (um) T (°C) e(sh tip (9) gx*

F1 100 1003 11.8 3.27 0.60

F2 — 975 19.0 2.25 0.47

F3 — 959 30.0 1.62 0.43

F4 — 941 41.3 1.24 0.34

F5 — 926 61.1 0.93 0.33

F6 — 909 82.4 0.73 0.28

F7 — 895 88.7 — 0.19

Outputs Steel: CD
dif
do X > 0.95 d after 1000/T

Pass () €a Ec £a > &7 €05 Xdyn tos (S) X () tip () (Kil)
Fi 100.0 0.60 0.44 Y 0.61 0.17 0.06 1.00 20.5 26.2 0.78
F2 26.2 0.47 0.35 Y 0.50 0.16 0.04 1.00 16.3 22.3 0.80
F3 22.3 0.43 0.38 Y 0.53 0.06 0.03 1.00 134 19.6 0.81
F4 19.6 0.34 0.42 — — 0.12 1.00 21.8 29.0 0.82
F5 29.0 0.33 0.54 — — 0.39 0.81 24.4 19.4 0.83
Fé6 194 0.34 0.54 — — 0.22 0.9 19.2 16.9 0.85
F7 16.9 0.22 0.54 — — 0.54 — 21.8 — 0.86

* estimated

**|ncludes the redundant strain.

TableVIII. Comparison between the Mill (Sims) MFS and the MFS Values Predicted According to the Present Modified
Misaka Equation (MFS") and the Original Equation (Steel: CD)
Misaka
1000/T Sims MFS MFS* Difference MFS Difference

Pass Temperature (°C) (K™ (MPa) (MPa) (Pct) (MPa) (Pct)
F1 1003 0.78 113 118 4.8 134 18.6
F2 975 0.80 128 126 -11 143 115
F3 959 0.81 134 133 -0.3 154 14.8
F4 941 0.82 133 136 25 158 19.2
F5 928 0.83 143 147 23 171 194
F6 909 0.85 148 159 7.3 178 20.1
F7 895 0.86 165 152 -7.8 171 4.1

relation relies on the peak strain equation derived by Rou-
coules et al.*¥ and improved by Minami et al.l?®!

gp = ((1 + 20Nb)/1.78) X 2.8 X 1074

375,000\
PRt

Here, d, is the initial grain size. The g./g, ratio is then
given by

_ [24]
x dg® (s X

80/8[) =08 - 13Nbeff + 112Nbgff [25]
where Nbyg; is specified by
Mn S
Nbes = Nb 120 + i [26]

Plotting the s./¢j, ratio against the effective Nb concentration
(Eq. [26]) resultsin aclear relationship. Equations [25] and
[26] are considered to apply over the following composition
ranges. 0.010 to 0.058 pct Nb, 0.35 to 1.33 pct Mn, and
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0.01 to 0.23 pct Si. They describe the progressive decrease
in gc/ep ratio represented by the line in Figure 4.

UL AR R RARRR AL

03................;
. T r +r &5+ &+ et

0.02 0.04 0.06
Nbeff (%)

Fig. 4—Dependence of /e, ratio on effective Nb concentration as calcu-
lated from Egs. [25] and [26].

o

METALLURGICAL AND MATERIALS TRANSACTIONS A



The opposite effects of Mn and Si in this equation reflect
their opposite effects on Nb diffusivity in austenite®® and,
therefore, on Nb solute drag at grain boundaries.*1 The
previous relation is used to predict the occurrence of DRX
in the spreadsheet analysis.

D. Precipitation Model for the Hot Strip Rolling of Nb
Seels

The Duttaand Sellars (DS) model % describestheisother-
mal strain-induced precipitation of Nb(C, N) from supersatu-
rated austenite. The time for 5 pct precipitation is obtained
from the relation shown subsequently, which specifies the
dependence of the precipitation start time (t,s) in Nb steels
on process variables such as the strain, strain rate, and tem-
perature. It also includes the Nb concentration as well as
the supersaturation ratio (K¢). The latter, which determines
the “driving force” for precipitation, is expressed as

1076770/TRH+ .
Ks = g 67T 27 [27]
where the parameters Try and T, are the absolute reheat
and pass temperatures. The solubility products that apply to
the reheat and pass temperatures are taken from the relation
derived by Irvine et al.’% The K, term expresses the ratio
of the amounts of Nb and C in solution at the reheat and
pass temperatures, under equilibrium conditions. The final
eguation is

270000 B
RT P TInK2

The vaues of the constants A = 3 X 10 ®and B = 25 X
10 (K®) were established by Dutta and Sellars by fitting
to published data. The constant B is basically a product of
constantsand itsvalueisnot critical. However, the constant A
represents the number of precipitate nuclei per unit volume,
which is greatly affected by the strain and temperature. The
effect of Mn addition in retarding precipitationt> was not
accounted for in this model and it, therefore, usually needs
some finetuning in order to predict with accuracy the precip-
itation start times during hot rolling.

In a recent analysis,®¥ the DS model was applied to the
hot strip rolling or Nb grades. After modification, the model
fitted mill data reasonably well. In this case, the DS model
was “tuned” by the addition of correction factors that allow
for the effects of Si and Mn levels on the precipitation
kinetics. The correction factor isthe denominator in Eq. [29].

tDS
ts = e
ps — (—0.26—0.90Mn+2.85Si)
10

ts = ANb 1e 12 %% exp [28]

[29]

Two further points are included in the present treatment: (1)
the effects of Si and Mn additions on the solubility of Nb
carbonitride, and (2) the correction term added to the DS
equation to take these effects into account. These modifica-
tions will now be described.

1. Nb carbonitride solubility product

The solubility equation derived by Irvine et al.,’®@ which
has been used in numerous applications, is shown subse-
quently. Note that the equation iswritten for the “equivalent
carbon content” = C + 12/14 N.

METALLURGICAL AND MATERIALS TRANSACTIONS A

TableIX. Published Data for the Solution Temperature of
Nb Carbonitride

Author C Mn Nb Si Tsl (°C)
Irvine et al .50 010 0.60 0.03 0.30 1098
Meyer™ 006 120 0035 007 926
Akben et al.[54 005 042 003 025 1026

005 125 003 027 996
006 190 0.035 026 990

Johansen et al.®™ 006 001 0035 001 1045
Kazinsky et al.®® 006 1.00 0035 035 1072

1150 r T
1100 f .

5 |

= 1050 F e

- [ K

© L o'

% 1000 : & ®

B s

[ 950 ‘.’°

o . .‘.
900 aa s ba a s a b s sl o aa ald 2o 2

900 950 1000 1050 1100 1150

Measured T, (°C)

Fig. 5—Comparison of predicted (Eq. [31]) and published solution temper-
atures for the steels listed in Table VI.

log Nb X (C + 12/14 N) = 2.26 — @ [30]
This equation was derived for a steel containing 0.6 pct
Mn and 0.3 pct Si. As discussed previoudly, the separate
influences of Mn and Si will now be deduced from the
published data listed in Table 1X,[59515-58 ysing linear
regression. By using Eq. [30] as a reference, the data of
Table IX were analyzed, leading to the following improve-
ment, which takes the effects of Mn and Si concentration
into account:

log Nb X (C + 12/14 N) = 2.26

n 838 Mn®2% — 1730 Si®5% — 6440
T

The measured solution temperatures are compared against
those predicted by Eq. [31] in Figure 5. Here, it can be seen
that the points follow the trend that takes the effects of Mn
and Si additions into account. The previous equation will,
therefore, be employed in all the calculations that follow.

2. Modification to the DS Model

In the present work, the expression for the constant A
suggested by Bail* is also modified to allow for the effects
of Mn and Si additions. Although the constant A has no
direct physical meaning, it does depend on the chemical
composition, or at least on the presence of elements that
influence Nb mobility (i.e., diffusivity) in austenite. As
already discussed previously, Si and Mn affect the diffusivity

(31]
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Fig. 6—Correlation between the coefficient A and the C, Mn, Si, and
Nb contents.
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Fig. 7—Accuracy of Eq. [32].

of Nb and, therefore, the critical number of nuclei per unit
volume. The latter quantity is included in the A constant,
according to the derivation of the DS equation.

In the present investigation, the best overall fit to the mill
logs was abtained by incorporating the dependence on exp
(Nb/C) suggested by Bai together with a multiplying factor
that depends on the Mn/Si ratio. The correlation found, with
considerable spread, isillustrated in Figure 6. The expression
that describes this behavior is as follows:

Mn\*®  (042Nb
S Pl7c

A 169,400 [32]

The accuracy of the previous expression is illustrated in

Figure 7, where the “observed” values are taken from the
mill-log analyses described in more detail subsequently.

In addition to chemical composition, the previous pro-

cessing history can also influence t,, according to Valdez

and Sellars!®? This factor can explain part of the large
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Fig. 8—(a) Comparison of MFS predictions and observations for the AB
grade. The prediction indicates that precipitation does not take place during
the schedule. As aresult, DRX is considered to occur during the second
and fourth passes, followed by MDRX. (b) Comparison of the precipitation-
start curve with the mill cooling curve. According to the present analysis,
precipitation does not occur.

spreads observed during theanalysisof mill logs. The precip-
itation kinetics depend not only on the parameters of finish
rolling, but aso on the reheat temperature and the character-
istics of the roughing schedule. These two factors were not
analyzed in the present study, and a more-detailed survey
will be necessary to take these further factors into account.

According to the present method, a chart is generated
which contains the mill cooling curve and the precipitation
start time vs temperature curve. The intersection of the two
curves defines the precipitation start point. This approach
uses the additivity rule, proposed by Scheil !5 to predict
the time at which precipitation starts. The results lead to the
conclusion that Mn retards the strain-induced precipitation
of Nb(C, N), an effect that plays arole during the relatively
short times involved in strip rolling. By contrast, Si has
an accelerating effect on Nb(C, N) precipitation.’? Two
opposite cases are shown in Figures 8 and 9. The AB grade,
which contains 0.031 pct Nb, 1.05 pct Mn, and 0.010 pct
Si, displays no precipitation, whereas the MFS data for the
ADG grade, with 0.030 pct Nb, 0.65 pct Mn, and 0.010 pct
Si, indicate that precipitation takes place between the third
and fourth passes. The wide range of chemical compositions
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Fig. 9—(a) Comparison of MFS predictions and observations for the AD6
grade. The arrow indicates the precipitation start point. DRX is considered
to occur during the second pass, followed by MDRX. (b) Comparison of
the precipitation-start curve with the mill cooling curve. The point of
intersection indicates the moment when precipitation starts.

shown in the table led to an isolation of the effects of Mn
and Si in the present steels.

IV. ANALYSIS OF ROLLING SCHEDULES

The prediction of roll force during finish rolling is an
important tool for the improvement of rolling schedules and
of mill setups. An accurate model can also improve gage
control and reduce the generation of scrap. The goal of this
work was, therefore, to establish a method of predicting the
MFS (and grain size) based on physical phenomena. Further
details regarding individual aspects of this approach can be
found in References 25, 27, 28, 32, 47, 52, 59, and 60.

It is useful to distinguish here between conventional-con-
trolled rolling, where the aim is to produce work-hardened
austenite, and DRX (+ MDRX)—controlled rolling, where
the main purpose is to refine the austenite grain size. This
work shows that both strategies are applicable to industrial
strip rolling and that both intense grain refinement (initialy)
and strain accumulation (subsequently) can take place.
Recent publications?22 by other workersindicate that DRX
(+ MDRX) can be used to design schedules for the thermo-
mechanical processing of steels when particular mechanical
properties are desired.
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In the results that follow, the MFS developed in each pass
is derived from the mill logs. Here, corrections are used for
the forward-dlip ratio and the redundant strain, according to
Reference 25. The MFSs are then predicted independently
using the MFS model described in Section 111-A, which
takes into account the chemical composition as well as the
occurrence of DRX + MDRX. In this way, the measured
(mill log) MFS values can be compared to the predicted
(model) MFS values. The microstructural model of Section
I11-B is then employed, together with the model that speci-
fies the critical strain for the initiation of DRX (Section
[11-C). All the MFS calculations are based on the total strain
(nominal + residual from the previous pass). For the Nb
grades, the precipitation behavior during hot rolling is simu-
lated using the model outlined in Section I11-D. Examples
are presented below of the behavior of each sted type,
starting with the C-Mn grade, followed by the Cr-Mo grade,
and ending with the microalloyed Nb grade.

For the plain C-Mn and Cr-Mo steels, the model predicts
the MFS, grain size, amount of softening, and extent of
DRX during the schedule, in a pass-by-pass analysis. For
the Nb grades, the precipitation of niobium carbonitride is
first predicted, which generally changes the behavior of the
steel during rolling by preventing any further softening.

The Sims(i.e., mill) and predicted MFS* valuesare plotted
together with Misaka's MFS for al grades. However, the
accumulated strains (calculated using the spreadsheet) are
always employed to feed the Misaka equation. This allows
the latter to fit the MFS curve more closely, especially when
only small amounts of softening have taken place (common
in the final passes, where the temperature is relatively low).
The use of the original Misaka formulation with the nominal
pass strain led to relatively poor fits.

The measured and predicted MFSs are plotted together
and compared for each bar tested in this investigation.

A. Plain C-Mn Seels

Theanalysisof therolling schedules of plain C-Mn grades
is straightforward. In any particular pass, a strain is applied
that results in softening during the interpass time and a
characteristic grain size; the latter quantities act as inputs
for the subsequent pass. The total strain is considered in the
calculation of the MFS,

The plain C-Mn grades display a single type of behavior,
one where DRX, followed by MDRX, occurs in the first
passes. Thisis shown in Table X and Figure 10. The high
temperatures and low strain rates involved decrease the peak
strain, so that the critical strain for DRX is readily attained.
Because no solute-drag elements (such as Nb) are present,
the SRX and MDRX kinetics are rapid, as displayed. The
fractional softening (X) during the interpass interval is
always close to 1, for both the SRX and DRX + MDRX
softening mechanisms. Nevertheless, the spreadsheet indi-
cates that there is a small amount of strain accumulation in
the final passes, due to the relatively low temperatures.

As shown in the corresponding MFS chart, the Misaka
equation always overpredicts the MFS. This is due to the
low Mn content of the grades considered here. Note that the
model MFS* fits the Sims (mill) curve more closaly, which
demonstrates the effectiveness of the compositional term.
There is no precipitation, and DRCR is occurring in the
initial passes in al the bars analyzed here, causing most of

VOLUME 31A, FEBRUARY 2000—521



TableX. Grain Size, Fractional Softening, and MFS Predictions for the CS2 Grade

(o 0.45
Mn 0.76
Grade: CS2 S 0.21
d Entry T € Ip Time tos
Pass (um) Q) (s (s & &a & DRX? £05 Xayn (9 X
F1 100.0 1043 45 8.60 0.95 0.95 0.30 yes 0.5 0.59 0.1 1.00
F2 35.5 1000 12.0 4.45 0.83 0.83 0.31 yes 0.48 0.53 0.1 1.00
F3 275 983 26.6 251 0.66 0.66 0.35 yes 0.50 0.35 0.0 1.00
Fa 22.8 957 49.5 1.56 0.54 0.54 0.41 yes 0.55 0.15 0.0 1.00
F5 18.8 930 79.7 1.01 0.41 0.41 0.47 — 0.60 0 0.1 1.00
F6 24.4 903 122.6 0.72 0.35 0.35 0.61 — 0.74 0 0.4 0.80
F7 15.6 877 128.5 0.00 0.19 0.26 0.60 — 0.75 0 0.5 —
dif X> 095 Growth after 1000/T MES+ Sims Misaka
Pass MRX SRX MRX SRX (K™D (MPa) (MPa) (MPa)
F1 30.2 33.8 355 51.1 0.76 115 99 139
F2 20.7 21.6 275 40.8 0.79 139 129 170
F3 15.4 20.4 22.8 34.3 0.80 157 168 187
Fa4 115 19.0 18.8 285 0.81 179 180 208
F5 8.8 18.2 13.3 24.4 0.83 196 209 225
F6 6.8 19.8 6.0 15.6 0.85 216 206 247
F7 6.2 18.2 15.6 15.6 0.87 221 226 253

300
250 F O‘DRX .........
R -
& 3
= [
(7] C
i 150¢ —e—Sims (mill
100 _ —e— Present Model
F e Misaka
50 . N 2 X . N s
0.74 0.76 0.78 0.80 0.82 0.84 0.86 0.88
1000/T (K1)

Fig. 100—MFS chart for grade CS2.

the grain refinement to occur in this part of the schedule
(note the columns headed “d (um)”). After the last pass, the
simulated austenitegrain sizewasabout 15 umfor all grades.

B. Cr-Mo Se€ls

The Cr-Mo steels displayed MFS behaviors that were
similar to those of the C-Mn steels. This is shown in Table
Xl andin Figure 11 for the BCM grade. The predicted MFSs
are in excellent agreement with the MFS values calculated
from the mill logs. For the present multiply alloyed grades,
the ratio e./e, was set equal to 0.8, which was the ratio
employed for the C-Mn steels.

The BCM grade is only lightly alloyed with Cr and Mo
and, therefore, displays considerable softening during all the
interpass intervals. These elements are not considered as
severe recrystallization inhibitors, although they do have an
effect on the kinetics.®25161 The |atter is taken into account
via the ty5 equation. Additionally, DRX + MDRX takes
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place in the third pass, where the accumulated strain attains
the critical strain for DRX. Compared to the plain C-Mn
stedls, the kinetics of recrystallization in the present multiply
alloyed steels are about 10 times slower during static recrys-
tallization (compare the ty5 columns for the C-Mn and Cr-
Mo grades).

Figure 11 showsthat the present model fitsthe Sims (mill)
MFS datavery well. This grade wasrolled at relatively high
temperatures. Nevertheless, even at these temperatures, the
steel does not soften completely and some strain remains
for the next pass, adding the residual to the newly applied
strain. This seemed to occur during passes 1 and 2, and the
MFS drop between passes 3 and 4 is successfully predicted
and attributed to the occurrence of DRX + MDRX, due to
strain accumulation. During the rest of the schedule, consid-
erable strain is again accumulated. However, the critical
strain increases proportionally, due to the higher strain rates
and lower temperatures in the last passes, thus avoiding the
initiation of DRX a second time.

It is evident from Table XI that dynamic recrystallization
takes place in the present materia due to the following.

(1) The rolling temperatures employed for these steels are
higher than in the other materials, where finish rolling
was initiated below 1000 °C. By contrast, in this sched-
ule, the rolling temperature remained above 1000 °C
within the first four or five stands.

(2) The strains employed in these particular schedules are
higher than those used for the usual C-Mn and Nb steels,
a condition that also promotes the occurrence of
dynamic recrystallization.

It should be pointed out that, when no alowance is made
for DRX and MRX inthemodel, i.e., when the only softening
mechanism that can operate is SRX, the predicted MFSs are
clearly too high. This is because the times are too short
at the low finishing temperatures involved for there to be
significant softening by SRX. This important conclusion is
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TableXIl. Grain Size, Fractional Softening, and MFS Predictions for the BCM Grade
C 0.28 \% Trace
Mn 0.52 Nb Trace
Cr 0.38 N 0.0047
Grade: BCM Ni Trace Mo 0.015
d Entry T € Ip Time
Pass (um) (°C) (s () € €a &c DRX? £05 Xdyn tos (S) X
F1 100.0 1098 5.24 18.53 0.83 0.83 1.00 — 4.46 0 8.80 0.77
F2 44.3 1052 1043 4.39 0.61 0.80 0.86 — 6.96 0 361 0.57
F3 28.3 1028 22.77 2.55 0.65 0.99 0.85 yes 10.12 0.01 0.42 0.99
F4 20.2 1006 37.72 172 0.48 0.49 0.84 — 13.69 0 7.52 0.15
F5 19.2 983 57.72 117 0.39 0.81 0.95 — 19.74 0 2.59 0.27
F6 16.5 959 78.75 0.88 0.30 0.89 1.01 — 27.31 0 248 0.22
F7 14.6 934 81.83 — 0.18 0.87 1.05 — 35.67 0 2.69
dif X> 0.95 Growth after 1000/T MFS* Sims Misaka
Pass MRX SRX MRX SRX (K™Y (MPa) (MPa) (MPa)
F1 145 274 15.6 44.3 0.73 126 120 125
F2 11.8 16.2 138 28.3 0.75 150 145 142
F3 9.9 104 20.2 20.2 0.77 183 175 169
F4 8.5 133 154 19.2 0.78 176 181 179
F5 74 9.2 115 16.5 0.80 218 232 192
F6 6.5 7.8 10.9 14.6 0.81 245 247 202
F7 6.1 7.3 14.6 14.6 0.83 260 276 196
300 ¢ last passes, and (4) SRX and precipitation The results for
O:DRX each type observed are described in the following sections.
250
L e 1. SRX only and no precipitation
— [ Among al the bars analyzed, only two grades displayed
& 200 F SRX only and no precipitation: AD9 and AD10. These are
3 ..... the low-C and low-Nb (0.008 pct Nb) grades, and the results
¢» 150 ¢ obtained for the AD9 grade are presented in Table XII and
= 1 —o—Present Model in Figure 12. They have the same base composition, with
100 F . the exception of the Mn content. In both cases, the low Nb
A Misaka contents are responsible for this particular behavior. First,
50 [ the critical strains are close to the ones applicable to C-Mn

0.72 074 0.76 0.78 0.80 0.82 0.84
1000/T (K1)

Fig. 11—MFS chart for grade BCM.

brought out more clearly in the examples considered
subsequently.

C. Nb Steels

Analysis of the Nb steel mill data was by far the most
complex. This is because it not only involves mechanisms
such as SRX and DRX + MDRX, but the precipitation of
Nb carbonitride as well. The occurrence of DRX + MDRX
was mainly in the initial passes or after strain accumulation
due to incomplete softening.

The Nb steels displayed a variety of rolling behaviors.
For this reason, the grades are presented according to the
operational softening mechanism (SRX or MDRX) and the
occurrence, or lack, of precipitation. Four basic behaviors
were observed in the group A steels: (1) SRX only and no
precipitation, (2) SRX and DRX + MDRX and no precipita-
tion, (3) SRX and DRX + MDRX and precipitation in the
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steels, and the total strains (nominal plus accumulated) are
less than the critical strain for a given pass, thus avoiding
the occurrence of DRX. According to the points discussed
in Section 111-C, the presence of Nb in solid solution at
higher levels has a retarding effect on softening, increasing
the peak strain and, therefore, increasing the critical strain.
Second, no preci pitation was predicted by the model. At this
particular level of Nb, there is only a small driving force
for precipitation, and t,s was not attained, even in the final
passes. The simulated MFS curve shown in Figure 12 is of
the ascending type. It displays a fairly good fit to the Sims
curve. Note that the original Misaka equation overpredicts
the MFSs. For the low aloying levels used, this overpre-
diction was expected.

Finally, it should be noted that there is little grain refine-
ment, because softening occurs only by SRX, which refines
the grain size less than DRX + MDRX. The final austenite
grain size predicted in the two cases was about 30 um.

2. SRX and DRX + MDRX and no precipitation (DRX-
controlled rolling)

Considering atypical chemistry of a Nb grade, precipita-
tion can be suppressed in several ways, e.g., by increasing
the rolling temperature, decreasing the Si level, increasing
the Mn content, and also by schedule modifications. The
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Table XII. Microstructural and MFS Predictions for the AD9 Grade
C 0.060
Mn 0.443
Nb 0.009
Grade: AD9 S 0.010
Reheat T (°C) = 1215
d T € Ip Time Time Sum
Pass (um) (°C) (sY) (9) (s Z(sh Ks tes (9 tipfts PPTN? € £a &c DRX?
F1 80.0 1002 12.7 3.64 001 29 x 10% 537 3356 001 no 0.70 070 0.77 —
F2 45.7 968 234 2.33 365 1.4 x 10Y 6.67 1498 0.03 no 057 057 0.76 —
F3 36.1 953 434 154 598 4.2 x 10Y 7.72 89.1 004 no 054 054 081 —
F4 319 936 699 1.07 752 1.1x 10 8.96 644  0.06 no 044 047 0.90 —
F5 320 921 994 0.76 858 25X 10® 1025 441 0.08 no 033 049 104 —
F6 316 908 1394 0.55 934 54 x10® 1176 29.7 010 no 030 056 1.17 —
F7 30.3 893 155.6 — 989 10X 10® 1268 241 010 no 020 056 127 —
Pass €05 Xeyn (9 X MRX SRX MRX  SRX (K™ (MPa) (MPa) (MPa)
F1 0.60 0 0.27 1.00 9.5 454 45.7 457 0.78 116 121 139
F2 0.61 0 0.32 0.99 8.0 36.0 36.1 36.1 0.81 128 126 154
F3 0.64 0 0.36 0.95 6.9 317 6.5 319 0.82 141 134 170
F4 0.68 0 0.68 0.66 6.1 32.0 7.2 320 0.83 151 157 182
F5 0.74 0 0.87 0.46 55 311 11.4 316 0.84 165 184 198
F6 0.80 0 0.82 0.37 5.0 28.1 13.8 30.3 0.85 182 191 219
F7 0.85 0 0.99 — 4.7 27.7 30.3 30.3 0.86 191 199 229
300 ¢ between passes, if the Nb remains in solid solution, the total
[ e Sims (mill) strain can exceed the critical strain, thereby initiating DRX.
250 Present Model If precipitation occurs, however, the present model considers
r that there is no further softening. The grades that display
200 £ ------ Misaka SRX and DRX + MDRX behavior but no precipitation are

150

MFS (MPa)

100

0.78 0.79 0.80 0.81 0.82 0.83 0.84 0.85 0.86
1000/T (K1)

Fig. 122—MFS chart for grade AD9.

latter, by alowing sufficient softening between passes, pre-
vents the strain accumulation required for the initiation of
strain-induced precipitation. For the grades analyzed here,
these conditions were occasionally observed in the MFS
analysis, sometimes in association with each other. It is
important to check the column “Sum t;/t,s,” which is a
“measure” of the tendency for precipitation. When thisratio
is greater than 1, by the additivity rule, precipitation is con-
sidered to occur.

Basically, there aretwo waysfor DRX to take place during
finishing. The first way is in the initial passes, where the
high temperatures and low strain rates keep the critical strain
low enough to be exceeded by the applied strain. The latter
is usualy large in the initia passes, because the stedl is
hotter. This situation is similar to the one applicable to the
C-Mn grades. The other way for DRX to take place is to
avoid softening by keeping the Nb in solid solution. After
some strain accumulation due to incomplete softening
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AA1, AA2, AA3, ASl, AS2, AB, AD3, and AML1. Table
X111 and Figure 13 (AS2 grade) display atypical example
of this behavior. Note that the final grain sizes are quite
small, especialy if DRX occurs in the last passes, where
the temperatures arelow. In this case, the simulated austenite
grain sizeisabout 7 um. Thisis caused by the intense grain
refinement attributable to DRX.

The behavior of the AS2 gradeisagood example of strain
accumulation followed by dynamic softening. The small
amounts of softening in the first two passes, attributable to
the Nb in solution, caused the accumulated strain to rise to
1.38, which exceeded the critica strain of 1.33. The same
mechanism was observed in pass 4, which led to DRX
occurring during pass 5. The two DRX cycles resulted in
MFS drops in the subsequent passes 4 and 6. The small
addition of 0.016 pct Ti combines with most of the N at
high temperatures, leaving the Nb largely in solid solution
during finish rolling. This effect, associated with the high
Mn (1.33 pct) and low Si (0.06 pct) contents, completely
eliminated Nb carbonitride precipitation. According to Fig-
ure 13, the Sims (mill) MFSiswell predicted by the present
model. In this particular case, allowance for SRX asthe sole
stati ¢ softening mechanism resultsin asevere overprediction
of the MFS after the first cycle of DRX. On the other hand,
Misaka's equation predictsthe mill behavior quite well. This
is because the high Mn level had increased the actual MFS,
compensating for the generally observed overprediction of
the Misaka relation. This demonstrates one more time the
effectiveness of the chemical compositional term of the new
MFS equation.
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Table XIII.

Microstructural and MFS Predictions for the AS2 Grade

C 0.09
Mn 133
Grade: AS2 Nb 0.036
S 0.060
(0.016 pct Ti) Reheat T (°C) = 1215
d T € Iptime Time Z Sum
Pass (um) (°C) (s (9) (9 (s Ks tes (9 tipfts PPTN? € £a £ DRX?
F1 80.0 1001 153 3.00 0.01 37 x 10 503 1182 0.03 no 072 072 0.96 —
F2 78.1 961 247 2.05 3.01 1.8 x 10v 7.14 226 012 no 050 110 112 —
F3 64.6 923 36.8 1.49 506 9.0 x 10Y 9.39 85 029 no 040 138 133 yes
F4 9.7 903 559 111 6.56 25X 10® 10.60 182 0.35 no 038 041 061 —
F5 9.6 898 859 0.83 767 4.6 x 10 11.79 79 046 no 036 0.77 0.68 yes
F6 6.6 882 109 0.65 850 1.0 x 10° 14.05 13.7 0.50 no 030 036 064 —
F7 6.6 864 116 — 915 20X 10° 1544 6.8 050 no 022 058 0.72 —
dif X>0.95 Growth after 1000/T MES Sims Misaka
Pass €05 Xeyn tos (9) X MRX  SRX MRX  SRX (K™D (MPa) (MPa) (MPa)
F1 0.6 0 12.39 0.15 12.8 79.2 72.6 78.1 0.79 151 118 146
F2 0.7 0 12.31 011 10.5 50.3 62.5 64.6 0.81 190 169 184
F3 0.8 0 0.28 0.98 8.9 38.1 9.7 38.1 0.84 226 221 220
F4 0.6 0 47.24 0.01 8.0 24.0 9.6 9.6 0.85 195 201 188
F5 0.6 0.1 0.23 0.92 7.3 15.8 6.6 14.2 0.85 236 242 229
F6 0.6 0 300.54 0.00 6.6 20.2 6.6 6.6 0.87 217 230 210
F7 0.7 0 156.25 — 6.3 14.7 6.6 6.6 0.88 252 268 244
350 and low-Si version of the same base composition, which
F helps to establish the effect of Si addition. Grade AD8 is
300 taken as an example here, as shown in Table X1V and in
E Figure 14.
;«T 250 ] Grade ADS8 displays a DRX cycle in the second stand,
= L00F due to the addition of the strain retained from the first pass
o E due to incomplete softening. The austenite grain size is
L 150 F predicted to be about 17 um. Grade AD8 is alow-Si stedl,
= 3 Sims (mill) eeeeene Misaka and precipitation was initiated between passes 3 and 4,
100F according to the present analysis. Thehigh-Si version experi-
f —e—PresentModel "¢ SRX only enced precipitation sooner for the same base composition
50 y y s : and similar processing conditions (precipitation started
078 080 082 084 086 0.88 between passes 2 and 3 for the high-Si version, grade AD7).
1000/T (K1) At the end of the schedule, the retained strains were 1.52

Fig. 13—MFS chart for grade AS2.

3. SRX and DRX + MDRX and precipitation in the
final passes

The combination of DRX + MDRX followed by strain
accumulation due to Nb carbonitride precipitation appears
to be the most attractive schedule for hot strip rolling. This
is because there is at least one DRX cycle somewhere in
the early passes, which causes intense grain refinement.
After that, precipitation occurs, which leads to full strain
accumulation. The latter is desirable in order to produce
a fine ferrite grain size after transformation. From a mill
operational point of view, thistype of behavior alows strain
accumulation to be accomplished at relatively low rolling
forces, because of the occurrence of DRX + MDRX early
in the schedule.

The AD1, AD2, AD5, AD6, AD7, and AD8 grades dis-
played the aforementioned behavior in this analysis. The
previous set includes two pairs of “coupled” steels. AD5
and AD6 and AD7 and AD8. Each pair involves a high-Si
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in AD8 and 1.72 in the AD7 steel (in which precipitation
began sooner). The Sims (mill) MFS curve iswell predicted
and, again, the Misska MFS values are too high, partly
because no allowance is made for DRX.

4. SRX and precipitation (conventional-controlled
rolling)

Among all the Nb grades analyzed, there was a total
absence of DRX in only three, according to the present
model. The reductions in the initial passes were not large
in these particular schedules, which iswhy the critical strain
was not exceeded and why DRX was not initiated. The
grades can be divided into two groups. the low-Nb AD4
and the two high-Nb grades, AD11 and AD12. The AD11
grade is represented by Table XV and by Figure 15.

Grade AD11 was rolled at relatively high temperatures,
and considerabl e softening was observed during theinterpass
times before precipitation occurred. This led to some grain
refinement, but not to the same extent as that produced by
MDRX. The high Mn concentration (1.25 pct) delayed Nb
carbonitride precipitation; nevertheless, because of the high
Nb level, this occurred between the third and fourth passes.
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Table XIV. Microstructural and MFS Predictions for the AD8 Grade.
C 0.061
Mn 0.699
Nb 0.047
Si 0.009
Grade: AD8 Reheat T (°C) = 1215
d T € Ip Time Time Z Sum
Pass (um) (°C) (s (9) (s (s Ks tes (9 tipfts PPTN? € £a &c DRX?
F1 80.0 1001 145 3.55 0.01 3.4 x 10% 532 201 0.18 no 085 085 0389 —
F2 66.9 967 258 2.26 356 1.6 X 10Y 6.65 55 0.59 no 056 113 106 yes
F3 15.3 950 469 147 582 49 x 10Y 7.61 6.3 0.82 no 055 055 061 yes
F4 16.8 937 84.2 0.95 730 1.3 x 10 8.31 2.9 114 yes 052 073 075 yes
F5 16.8 931 1411 0.62 824 26X 10® 9.21 13 1.58 yes 040 112 085 yes
F6 16.8 915 1728 0.44 887 53x10¥ 1074 0.8 2.08 yes 025 137 096 yes
F7 16.8 899 179.6 — 931 94 x10¥® 1162 0.6 2.08 yes 014 152 105 yes
Pass €05 Xayn (9 X MRX SRX MRX  SRX (K™Y (MPa) (MPa) (MPa)
F1 0.60 0 6.24 0.33 9.3 39.9 38.4 66.9 0.78 130 112 148
F2 0.68 0.136 0.19 1.00 7.8 29.3 15.3 153 0.81 160 154 180
F3 0.52 0 1.05 0.62 6.8 17.7 58 16.8 0.82 152 150 173
F4 0.58 0 121 0.00 6.1 15.6 16.8 16.8 0.83 179 169 204
F5 0.61 0 1.02 0.00 55 116 16.8 16.8 0.83 213 208 242
F6 0.67 0 1.29 0.00 5.0 10.2 16.8 16.8 0.84 235 238 268
F7 0.72 0 1.46 — 4.8 9.5 16.8 16.8 0.85 250 284 284
300 steels. For the Cr-Mo steels, the parameters for the C-Mn
steelsare used here. A typical calculation isdescribed subse-
250 | O‘DRX quently, where d9 is the ferrite grain size when the austenite
_ is unstrained (i.e., recrystallized).
= .
< 200 ¢ do=a+bT ¥ +c(l-ep(-15x1072d)  [33]
{’5"’ 150 [ . +—Sims (mill) where T is the cooling rate in °C/s, and d, is the austenite
Present Model grainsize. The parametersa, b,andc aregivenin Tabl eXVl.
wof Misaka Beca_\use retai ned strainin f[he austenite reduces the _ferrlte
grain size, it must be taken into account as well. This was
=&+ SRX only done by using the following equation, where d,, is the ferrite
50 grain size after transformation:
0.78 0.80 0.82 0.84 0.86
P d,=d% (1 — 045¢?) [34]
1000/T (K 1)

Fig. 14—MFS chart for grade AD8.

After precipitation starts, the strain was accumul ated to 1.42.
The absence of DRX agrees with the conclusions of Biglou
et al.,1%? who studied the same grade, but under different
conditions (torsion testing, low strain rates). The Sims (mill)
MFS curves are well simulated for both grades. In this
case, the Misaka eguation also provides a good prediction,
probably due to the high Mn level.

D. The ferrite grain size after transformation

The austenite grain size present after the last pass can be
used as an input in a model for predicting the ferrite grain
size. In their analysis of published data, Sellars and Bey-
non® derived a model that takes into account the retained
strain, austenite grain size, and cooling rate. In the present
demonstration, the cooling rate was taken as 20 °C/s for al
grades. There are different parameters for C-Mn and Nb
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In this case, & is the retained strain present in the material
after leaving the finishing train. The ferrite grain size pre-
dicted for each grade analyzed here is given in Table XVI1.
According to the two ferrite grain-size equations referred to
previously, the most important parameters that dictate the
final size are the initial austenite grain size and the accumu-
lated strain present before the strip is cooled on the run-
out table.

It can be seen that all the C-Mn grades display similar
behaviors, residua strains (about 0.27), and austenite grain
sizes (about 15 um) and are, therefore, characterized by
similar ferrite grain sizes (about 5.5 um). The different
schedule variations (i.e., temperature, strain, strain rate, etc.)
had little effect on the final result. Note that all the rolling
simulations applied to these grades followed the DRX-con-
trolled rolling paradigm.

The two Cr-Mo steels analyzed here were aso “rolled”
by DRX-controlled rolling methods, according to the model
used in this study. However, there is more retained strain
(0.87) in the BCM grade than in the BCMVN (0.58), due
to the different cycles of DRX that apply to each schedule.

METALLURGICAL AND MATERIALS TRANSACTIONS A



Table XV. Microstructural and MFS Predictions for the AD11 Grade

C 0.06
Mn 1.25
Nb 0.075
Grade AD11 S 0.325
(Ti: 0.024 pct) Reheat T (°C) = 1215
d T € Ip Time Time 4 Sum
Pass (um) (°C) (s)) (9 ) (s Ks ts (5  tplt,s PPTN? £ £a e DRX?
F1 80.0 1023 133 3.50 0.00 1.7 x 10% 510 2046 0.17 no 0.60 060 0.83 —
F2 40.4 992 222 2.35 350 6.9 x 10% 6.91 7.86 047 no 050 063 0.74 —
F3 20.4 958 33.1 1.70 585 2.7 x 10Y 8.78 425 087 no 041 048 0.67 —
F4 20.0 943 45.6 1.28 755 59 x 10Y 10.06 269 135 yes 033 078 0.76 —
F5 19.3 931 65.2 0.98 883 12x 10¥ 1157 181 189 yes 030 108 0.86 —
F 6 18.8 916 748 0.76 981 22x10® 1363 139 244 yes 022 129 0.9 —
F7 18.6 900 74.7 — 1057 38X 10 14.86 1.08 2.44 yes 013 142 104 —
dif X< 0.95 Growth after 1000/T MES Sims Misaka
Pass  &gs Xayn tos () X MRX SRX  MRX  SRX (K™Y (MPa) (MPa) (MPa)
F1 0.55 0 0.66 0.78 10.2 29.3 11.2 40.4 0.77 140 138 130
F2 0.54 0 0.30 0.89 85 17.9 7.8 20.4 0.79 160 154 149
F3 0.53 0 8.76 0.05 7.3 13.6 184 20.0 0.81 170 174 158
F4 0.57 0 5.32 0.00 6.7 9.7 20.0 20.0 0.82 203 201 188
F5 0.62 0 5.80 0.00 6.0 7.8 20.0 20.0 0.83 233 223 216
F6 0.66 0 11.29 0.00 5.6 6.9 20.0 20.0 0.84 254 244 236
F7 0.72 0 15.99 — 54 6.5 20.0 20.0 0.85 268 272 250
300 . Table XVII. Input Data, Type of Behavior, and Calculated
3 Ferrite Grain Size for each Grade
250 . pipstat 7 .. Schedule
- s Group Grade type dy e d® d,
g 200 ¢ A AAL DRCR 77 080 54 32
3 s ’ AA2 DRCR 6.3 027 50 38
i 150 | __—%— . i AA3 DRCR 61 024 49 38
= @ pTmT —e—Sims (mill) ASL DRCR 98 08 59 35
- e Misaka AB DRCR 74 059 53 35
s AD1 DRX + PPT 133 0.99 6.8 38
50 L AD2 DRX + PPT 104 126 6.1 30
0.77 0.79 0.81 0.83 0.85 AD3 DRCR 174 0.70 78 48
A AD4 CCR 756 160 167 7.2
1000/T (K™) AD5 DRX + PPT 165 193 76 28
Fig. 15—MFS chart for grade AD1L. AD6 DRX + PPT 169 157 77 33
AD7 DRX + PPT 159 172 74 30
ADS8 DRX + PPT 168 152 76 34
Table XVI. Parametersfor Equation [33] AD9 SRX 303 056 105 7.0
AD10 SRX 202 052 103 69
Steel a b c AD11 CCR 186 142 80 37
C-Mn 14 5.0 2 AD12 CCR 241 183 92 36
Nb 55 30 20 AM1 DRCR 112 032 63 47
C CA DRCR 154 0.33 7.1 5.2
Cs1 DRCR 134 0.29 65 49
L . . L. . Cs2 DRCR 156 0.26 71 55
This difference affects the final ferrite grain size dlightly, cD DRCR 169 022 74 59
with an end result of about 4 um for the BCM and 4.9 um CM DRCR 163 035 73 54
for the BCMVN grade. CuU DRCR 154 0.26 71 54
There was more variation in the final ferrite grain sizes B BCM DRCR 146 087 68 40
in the Nb grades, which fell in the range from 2.8 to 7.2 BCMVN  DRCR 168 038 74 49

pm. Analyzing the data of Table XVII, it appears that the
occurrence of DRX alwaysproducesfineferrite grains (aver-
age size of 3.8 um). The same can be said for the schedules
in which DRX occurred in the initial passes, followed by
precipitation (average size of 3.2 um). Here, there was accu-
mulated strain as well, which helped to maintain the ferrite
grain sizes in the range from 2.8 to 3.8 um.

METALLURGICAL AND MATERIALS TRANSACTIONS A

Only SRX was observed in the schedules applicable to
grades AD9 and AD10; accordingly, the grain refinement
was not so intense. The low strains and temperatures of the
schedule and the low Nb level were responsible for this
effect. The fina austenite grain size was about 10 um and
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the retained strain was about 0.5; this resulted in a ferrite
grain size of about 7 wm, which is larger than average.

Conventional-controlled rolling leads to the presence of
fine ferrite grains after transformation (average size of 4.8
pm). In grades AD11 and AD12, which had undergone
relatively large strains in the initial passes, the austenite
grain size was refined by SRX. Subsequently, precipitation
led to strain accumulation, and these grades had large
retained strains after the last pass (1.42 for AD11 and 1.83
for AD12); this state of affairs further contributed to refining
the ferrite grain size. Another grade that underwent conven-
tional-controlled rolling was AD4, which had received light
reductions and in which no DRX occurred during the entire
schedule. In this case, the grain refinement was poor.

The finest final grain size was produced in grade AD5,
inwhich DRX occurred intheinitial passesand precipitation
in the final passes, leading to alarge accumulation of strain.
The retained strain further refined the ferrite grain size, to
an extent comparable to the grades that had cycles of DRX
during the schedule (DRX-controlled rolling).

V. CONCLUSIONS

An MFS model was developed to predict the strip-rolling
behaviorsof plain C-Mn, Cr-Mo, and Nb-bearing steelsfrom
the strains, strain rates, temperatures, and interpass times.
It is based on an improved Misaka MFS equation and takes
into account the quantities of the important alloying ele-
ments, the extent of recrystallization between passes, strain
accumulation, and the possibility that DRX isinitiated during
a given pass. The following conclusions are drawn from
this work.

1. The model indicates that DRX (followed by MDRX)
occurs in the first few passes during the strip rolling
of plain C-Mn grades. This is because the strains and
temperatures are relatively high and the strain rates are
quite low; thus, the DRX critical strain can be readily
exceeded in these passes. It should be noted, however,
that the type of DRX observed here is not associated
with strain accumulation. Thisisin sharp contrast to the
case of Nb-containing steels, where strain accumulation
plays an important role.

2. The peak strain associated with the occurrence of DRX
in Nb-containing steels can be characterized by including
a term that reflects the Nb level. This expression is
required for accurate prediction of the critical strain for
the initiation of DRX. The eguation indicates that strain
accumulation leading to DRX (followed by MDRX)
occurred in the later passes when some of the Nb steels
studied were rolled. Thus, when MFS predictions are
made only using SRX equations (a softening mechanism
that does not operate during the later passes of rolling),
the predicted MFS values are much higher than those
measured in the mill.

3. The &./e, ratio decreases with increasing Nb content in
the present steels. The elements Mn and Si have small
(but not negligible) and opposite effectson the e/, ratio.
This ratio is important, because a clear understanding of
therole of DRX in strip rolling requires use of the critical
strain (rather than the peak strain) as a test of whether
or not DRX is initiated.

4. For the Nb steels, whether DRX + MRX occurs in a
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given HSM depends on the Mn and Si levels (in addition
to the C and Nb concentrations). It appears that the strain
accumulation required to initiate DRX is more likely to
take place when the Mn level is high (greater than 1.0
wt pct) and the Si level is low (less than 0.1 wt pct).
These observations can betaken toimply that carbonitride
precipitation is generaly absent under the aforemen-
tioned conditions. Conversely, the presence of Si levels
above about 0.1 wt pct is likely to provoke precipitation
during rolling and, thus, prevent the initiation and propa-
gation of DRX.

5. The previous observations indicate that Mn and Si have
opposite effects on the rate of carbonitride precipitation.
Increasing amounts of Si lead to faster kinetics, while
increasing the Mn content retards the precipitation
kinetics.

6. The precipitation start times applicable to strip mill roll-
ing conditions can be predicted by modifying the DS
equation so asto take the Mn and Si levels into account.
This can then be incorporated into a model of the MFS
behavior. The predictions obtained from the model
described here are in good agreement with mill
observations.

7. The MFS, microstructural and precipitation models
derived or tuned with the aid of mill log data can be used
to predict or interpret the metallurgical behavior of Nb
steels during finish rolling.
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LIST OF SYMBOLS AND PARAMETERS

€ true strain

€ true strain rate (1/9)

€a accumulated true strain

g critical strain for the initiation of dynamic
recrystallization

& retained strain present in the material after leav-
ing the finishing train

Z Zener—Hollomon parameter =

é - exp (%) (U9
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€p peak strain
T absolute temperature (K)
Quef activation energy for deformation (¥mol)
X fractional softening
tos time for 50 pct softening ()
R gas constant = 8.31 (Jmol-K)
do initial grain size (um)
Tor interpass recrystallization stop temperature (K)
tos precipitation start time
Try absolute reheat temperature (K)
Toass absolute pass temperature (K)
T cooling rate (°C/s)
H strip thickness before passes
h strip thickness after all passes
om mean flow stress
Xayn fractional softening attributable to dynamic
recrystallization
Os steady-state stress
K parameter that converts flow stress to mean
flow stress
Ks supersaturation ratio
tip interpass time
Nbgt effective Nb concentration
d grain size
dg ferrite grain size when the austeniteis unstrained
d, austenite grain size
d, ferrite grain size after transformation of
deformed austenite
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