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Abstract

A metallurgical model that describes the microstructural evolution during hot rolling
was developed for plain carbon and microalloyed steels. The model takes into account the effects
of recovery, recrystallization, grain growth, carbonitrides precipitation and phase transformation.
It was adjusted with data obtained from bibliography and from experiments performed in a thermo-
mechanical simulator Gleeble 3500. The metallurgical model is aimed to predict the yield strength
and ultimate tensile strength of the as rolled material based on the steel chemistry and processing
conditions. A comparison between calculations and mill data is presented for several steel
compositions (including plain carbon and V, Nb-Ti and V-Nb-Ti microalloyed steels) and a good
agreement is obtained. The developed model is a useful tool to design steel composition and to
optimize processing conditions.

Key words: Hot Rolling, Recrystallization, Precipitation, Phase Transformation,
Mechanical.

Resumen

Modelado de 1a evolucién microestructural durante la laminacién en caliente.Se
ha desarrollado un modelo metalirgico que describe la evolucién microestructural de aceros al
carbono-manganeso y microaleados durante la laminacién en caliente. El modelo considera los
efectos producidos por los fenémenos de recuperacién, recristalizacién , crecimiento de grano,
precipitacién de carbonitruros y transformacién de fase. Fue ajustado con datos de bibliogra-
fia, y experimentos realizados en un simulador termomecénico Gleeble 3500. El principal obje-
tivo del modelo metaldrgico es predecir la tensién de fluencia y la resistencia del material la-
minado en caliente a partir de su composicién quimica y de las condiciones de proceso en plan-
ta. Se presenta una comparacién entre valores calculados y medidos de propiedades mecanicas
para varias composiciones quimicas (incluyendo aceros al C-Mn y microaleados al V, Nb-Ti y
V-Nb-Ti) que muestra un buen acuerdo entre resultados teéricos y valores de planta. El mode-
lo metaltirgico desarrollado resulta una muy util herramienta de disefio de aceros y condicio-
nes de laminacién.

Palabras clave: Laminacién en caliente, Recristalizacion, Precipitacién, Transformacion
de fase, Propiedades mecédnicas.

Trabajo presentado con motivo de la entrega del premio "Jorge Sdbato" en Ingenieria Metaliirgica, a la
Ingra. Teresa Pérez, el 21 de noviembre de 2003.
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1. Introduction

Due to the increasingly severe specifica-
tions being imposed by end users, an accurate
knowledge of the microstructural evolution dur-
ing hot rolling and its effect on the final me-
chanical properties is needed for many as rolled
products. Metallurgical models that describe in
detail different aspects of the microstructural
evolution in the hot strip mill have already been
published [3, 6, 14, 15, 17, 18, 20, 23], but there
are few models that comprises the whole hot roll-
ing process [19,24]. The aim of this paper is to
present a model that evaluates the microstruc-
tural evolution during hot rolling including hot
deformation, cooling and coiling, and that links
the final microstructure to the mechanical prop-
erties (YS and UTS) of as rolled plain carbon and
microalloyed steels. Several theoretical and em-
pirical expressions proposed in the literature
were used. Attention was paid to the interaction
between the following metallurgical phenomena:
dislocation density evolution, microalloy precipi-
tation, recrystallization and grain growth. The
phase transformation during cooling (austenite
decomposition into ferrite, perlite and/or bainite)
and the precipitation of microalloys in the ferritic
range have also been covered. The main goal of
this work is to develop a model that can be used
as a tool to design steel chemistries and to
optimize processing conditions for given me-
chanical properties requirements.

The paper is organized as follows: in
Section 2 the experimental procedures of the
tests performed to adjust the different modules
of the metallurgical model are outlined. In Sec-
tion 3 the model of microstructural evolution
during hot deformation is described as well as its
adjustment with experimental results. The met-
allurgical model for phase transformation is pre-
sented in Section 4. It takes the formation of fer-
rite, perlite and bainite into account. This model
was adjusted with dilatometric tests; a compari-
son between calculations and these experimen-
tal results is presented for several steels in the
same section. The expressions used to relate
microstructure with mechanical properties are
briefly described in Section 5, where a compari-
son between mill data and calculated YS and
UTS values is also presented.

2. Experimental procedure

The metallurgical transformations that
take place during hot rolling were described us-
ing a variety of theoretical expressions. The large
number of parameters that appear in these ex-
pressions were fixed in many cases using values
and experimental data obtained from bibliogra-

phy. In order to make a fine adjustment of the
model several kind of experiments were per-
formed in our laboratories. Two plain carbon
steels with different Mn contents and three
microalloyed steels with additions of V, Nb-Ti
and V-Nb-Ti were studied (Table I). To measure
the kinetic of recovery and recrystallization,
stress relaxation tests [13, 16] were performed
in a thermomechanical simulator Gleeble 3500.
The deformation temperature was varied from
1200°C to 850°C for two true strain values (0.3
and 0.1), and the strain rate was fixed at 10/sec.
The grain growth after recrystallization was fol-
lowed by measuring the grain size on samples
quenched at different holding times after defor-
mation (between 1 and 20 sec). The microstruc-
tures were examined by optical microscopy.

In order to study the dislocation density
evolution during deformation in the austenitic
range true stress —true strain curves were deter-
mined in hot compression for different tempera-
tures (T) and strain rates (de/dt) in the following
ranges: T = 1220°C-850°C, de/dt = 1- 50/sec.

Dilatometric tests were performed to
asses the kinetic of phase transformation. Dur-
ing these tests the samples were heated at 5°C/
sec up to the austenization temperature (T, ),
soaked at this temperature during 4-5 minutes,
and then cooled at a fixed rate to room tempera-
ture. The changes in sample diameter were ac-
quired as a function of time with a high resolu-
tion dilatometer at the location of the thermocou-
ple (the accuracy of the measurement was 0.1
um). The reheating conditions were T, = 930°C
during 4 minutes for the CMn1 steel (Table I),
and T, = 950°C during 5 minutes for all the
other steels (CMn2, V, Nb-Ti, V-Nb-Ti). The
grain sizes (dy) obtained after austenization were
estimated from metalographic measurements on
samples quenched at the end of the reheating
cycles. For all the steels studied the austenitic
grain sizes were the same within the experimen-
tal error: dy = 20-25 um. The dilatometric tests
were performed at several cooling rates in the
range between 5 and 50°C/sec. The transforma-
tion kinetic was derived from the dilatometric
data, using extrapolations of the diameter vs.
temperature curves of the parent and product
constituents, and applying the lever rule. The
final microstructures were examined by optical
microscopy. When large volume fractions of po-
lygonal ferrite appeared, the ferritic grain size
was measured using the mean linear intercept
method. Whereas, when the volume fraction of
ferrite was low, the grain size was taken as the
average value over at least 50 measurements of
individual grains.
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Table I. Chemical compositions of the analyzed steels (wt%)

Steel Cc Mn v Nb Ti
CMn1 0.15 0.58 0.16 - - -
CMn2 0.15 1.15 0.15 - - -
A% 0.15 1.09 0.17 0.046 - -
Nb-Ti 0.13 1.43 0.14 - 0.036 0.016
V-Nb-Ti 0.12 1.50 0.19 0.070 0.047 0.020

Cylindrical samples of 10 mm diameter
x 15 mm length were used for stress relaxation
and hot compression tests; for dilatometric tests
the specimen geometry was 6 mm diameter x 8
em length. All the specimens were machined
from the center of hot rolled plates.

3. Hot rolling model

In each deformation step during hot
rolling the average dislocation density of the
material increases several orders of magnitude.
Two metallurgical processes become active to
reduce this excess of dislocations: recovery and
recrystallization. The former is the most impor-
tant restoration process during deformation, and
the latter determines the softening kinetics in
the interpass time. There are some exceptions to
this rule, depending on the processing param-
eters (temperature, strain and strain rate) dy-
namic recrystallization can proceed during defor-
mation, and recovery becomes increasingly im-
portant during interpass time when the tempera-
ture of deformation is lowered. Furthermore
grain growth can take place if the recrystalli-
zation after deformation is complete.

In steels with Nb additions there is a
strong decrease in the austenitic grain boundary
mobility due to dragging or pinning produced by
this microalloy in solid solution or forming
carbonitrides. Thereafter a reduction in the
recrystallization rate occurs, enhancing the plas-
tic strain accumulation during hot rolling. As the
deformed austenite grains are particularly effec-
tive in nucleating ferrite, an important micro-
structure refinement is produced. An accurate
description of the metallurgical processes out-
lined above (recovery, recrystallization, grain
growth and carbonitrides precipitation) is needed
in order to predict the austenite microstructure
at the exit of the hot rolling mill, which in this
model was characterised by the average grain
size, the dislocation density and the precipitates
distribution.

Recrystallization and grain growth

If the accumulated strain during a re-
duction pass is lower than the ecritical value €,
for the beginning of dynamic recrystallization,
static recrystallization proceed after deforma-
tion. The kinetic of static recrystallization was
modelled using an Avrami type equation as pro-
posed by Sellars [23]:

Xen :l—exp[w0.693(t/t0.5 )ns'?j‘ 1)

where X, is the volume fraction of the recrys-
tallized material, ¢,, is the time to 50% recrys-
tallization and ng, 1s an empirical parameter.
Several expressions have been proposed to des-
cribe the ¢,, dependence with prior austenitic
grain size (d,), strain (¢), strain rate (de/dt) and
holding temperature (T) [5]. In the present model
the functional form proposed by Hodgson and

Gibbs [12] was adopted:

“p g de” e
tos =A€7 dl —(Fexp{%T J (2)

Some parameters in equations (1-2)
were fitted with data obtained from stress-re-
laxation tests (g A, p, @), and others were
taken from bibliography [12]. In Figure 1 the
stressrelaxation results obtained for the C-Mn
steel (Table I) are presented as a function of the
deformation temperature (¢ = 0.3, de/dt = 10/sec).

There are many empirical expressions
for predicting the austenitic grain size after static
recrystallization as a function of the prior micro-
structure and the deformation conditions [5].

In our case the values obtained with
the IRSID equations [21] presented the best
agreement with the experimental data, and
thereafter these expressions were used in the
model.
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Fig. 1 (a). Stress relaxation curves obtained for
the C-Mn steel at different temperatures (¢=0.3,
de/dt = 10/sec). In curve 3 the recrystallization
start and finish times are shown. (b) Measured
recrystallization start and finish times (open and
closed symbols, respectively) for the C-Mn steel
as a function of the temperature. The deforma-
tion conditions are the same as in (a).

The critical strain value to produce dy-
namic recrystallization was determined using
the well known expression [23]:

€ =Ad(]i/2 Z0.17 (3)

where Z is the Zener-Hollomon parameter that
depends on temperature and strain rate. We
have assumed that when the dynamic recrystalli-
zation takes place, it is followed by metadynamic
recrystallization during interpass time. In the
present model the equations proposed by
Hodgson and Gibbs [12] to describe the kinetic
of metadynamic recrystallization and to evaluate
the size of the recrystallized grains were used.

The grain growth kinetic was modelled
using the following isothermal law [23]:

d™ =dJ, +k, texp(Q, /RT) (4)
where d__ is the fully recrystallized grain size, ¢
is the time after complete recrystallization, and

m, k,and @, are material dependent parameters
that were adjusted as was described previously.

Evolution of the dislocaiion density

During hot deformation a direct rela-
tionship between dislocation density (p,) and
yield stress (o) can be established:

o=0opbyp, (5)

where p is the shear modulus, b is the magnitude
of the Burgers vector, and o is a material
constant. In the present model o(t) was calcu-
lated for each deformation step from empirical
expressions (see below) and pd(t) was derived
using (5).

If the total plastic strain is lower than
the critical value for the beginning of dynamic
recrystallization, the stress evolution during hot
deformation is determined by the combined ef-
fects of dislocation storage and dynamic recov-
ery. This behaviour was modelled using an ex-
pression proposed by Laasraoui and Jonas [14]:

O recov (E) = I:O'f + (gg _ Gf )e_QE ]0.5 ©

where ¢ is the effective plastic strain. The para-
meters o, o, and Q depend on the deformation
temperature, strain rate and grain size.

When the accumulated strain is greater
than ¢, recrystallization begins during deforma-
tion. The presence of recrystallized grains with
low dislocation density leads to a stress reduc-
tion. This effect was taken into account in the
following expression:

o (t)=[1= Xy ()]0 recon (€ (£))+ X gin, (£) 0 4
(7

where X is the fraction of the material dyna-
mically recrystallized and ¢, is the steadystate
value achieved during dynamic recrystalliza-
tion.

Equations (6-7) were adjusted for C-Mn
and Nb microalloyed steels using true stress -
true strain curves measured in hot compression
tests. Some experimental results and the com-
parison with model predictions are shown in Fig-
ure 2.
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Fig. 2. Comparison between measured (—) and calculated (...) true stress-true

strain curves for the C-Mn steel.

During interpass time the dislocation
density and the yield stress could decrease due
to both static recovery and recrystallization. The
former is a continuous process that was de-
scribed using an empirical expression:

O recov (t)= 0-de/' - ArecouLn (1 + Brecovt) (8

where 0, . is the stress value achieved at the end
of the def{)rmation, A ..and B are parameters
that depend on the material .chemistry and
temperature. If the interpass time is long enough
static recrystallization occurs, increasing the
softening rate. To describe this behaviour the

following expression was used:

0 (t)=[1-X et ()] Orncon (1) + Koot (t)0eq (9)

where X | is the fraction of the material statically
recrystallized and o, is an steady-state value after
recrystallization which depends on the material
chemistry and temperature. The parameters A
and B in (8) and the value of o, were deter-
mined using the stress relaxation technique.

As an example of the application of
equations (5-9) the calculated evolution of the
dislocation density during a hot rolling process
for the last five reduction steps is shown in Fig-
ure 3. In Table II the input data for the model,
that were derived from the hot rolling mill
processing conditions, are presented. As Figure
3 shows, the dislocation density increases mark-
edly during each deformation step and decreases
sharply during the interpass time due to recov-
ery and recrystallization. Only in the last defor-
mation steps the interpass time is short enough
to inhibit full static recrystallization, and to al-
low some strain accumulation.
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Fig. 3. Evolution of the dislocation density in the
last five steps of a hot rolling process (S6-S10).
The material studied is a Nb microalloyed steel.

Table II. Hot rolling set-up used for the calculations
shown in Figs. 3 and 4. &: true strain,
de/dt: average strain rate, T: deformation
temperature, tinters: interstand time.

Deforma- € de/dt T ters
tion step (sec) Ge) (sec)
SO 0.18 1.6 1220 16
S1 0.36 2.4 1192 12
S2 0.49 4.4 1164 8
S3 0.57 8.1 1136 6
S4 0.29 10.9 1110 19
S5 0.59 12.8 1016 3.9
S6 0.32 18.8 995 3.0
S7 0.43 41.4 974 2.1
S8 0.30 58.8 952 1.6
S9 0.19 69.8 931 1.3
S10 0.13 70.5 910 -
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