Microstructural Model for Hot Strip Rolling of High-Strength

Low-Alloy Steels
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The microstructural evolution during hot-strip rolling has been investigated in four commercia high-
strength low-alloy (HSLA) steelsand compared to that of aplain, low-carbon steel. Therecrystallization
rates decrease asthe Nb microalloying content increases, leading to anincreased potential to accumulate
retained strain during the final rolling passes. The final microstructure and properties of the hot band
primarily depend on the austenite decomposition and precipitation during run-out table cooling and
coiling. A combined transformation—ferrite-grain-size model, which was developed for plain, low-
carbon steels, can be applied to HSLA steels with some minor modifications. The effect of rolling
under no-recrystallization conditions (controlled rolling) on the transformation kinetics and ferrite
grain refinement has been evaluated for the Nb-containing steels. Precipitation of carbides, nitrides,
and/or carbonitridestakes place primarily during coiling, and particle coarsening control sthe associated
strengthening effect. The microstructural model has been verified by comparison to structures produced

in industrial coil samples.

I. INTRODUCTION

WE dedicate this article to the late Professor J. Keith
Brimacombe, who passed away suddenly on December 16,
1997. Hisleadership and vision were instrumental in mount-
ing the hot strip—process modeling research in the Centre
for Metallurgical Process Engineering at the University of
British Columbia. Thisresearch was conducted in collabora-
tion with the American Iron and Stedl Institute, the United
States Department of Energy, and the National Institute of
Standards and Technology. The present article summarizes
the results of a physical metallurgy investigation on severa
high-strength low-alloy (HSLA) steels.

The HSLA steelswere developed in the 1960s by microal-
loying low-carbon steels with Nb, V, and Ti in the 0.01 to
0.1 wt pct range. The increased strength of HSLA steels is
attributed to a combination of ferrite grain refinement and
precipitation strengthening. The HSLA steels have become
awidely used material, in particular for automotive applica-
tions and as linepipe grades. Interestingly, while the weight
fraction of steel and iron in an average family vehicle has
decreased from 74 pct in 1978 to 67 pct in 1997, that of
high- and medium-strength steels has increased from 3.7 to
9.1 pct in the same time period.”! With this increase of
approximately 150 pct, higher-strength steels show the big-
gest gain of any material class in automotive applications,
even ahead of aluminum or plastics and plastic composites,
which are widely discussed as dternatives to steel for the
development of more-fuel-efficient, lightweight vehicles. A
significant component of these higher-strength steelsare hot-
rolled HSLA steels, which are used in high-strength vehicle
components such as wheel rims or bumpers.

Microstructural engineering hasbeenincreasingly gaining
attention, with the goal being to quantitatively link the opera-
tional parameters of a hot-strip mill with the properties of the
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hot band.[2-8 These microstructural process models, which
focused initially on plain carbon steels, have only recently
been extended to include medium-strength HSLA steels®
These model extensions, however, still incorporate a great
deal of empiricism, with comparatively tight process ranges
of applicability. More fundamentally based process models
are required to devel op predictive tools to optimize the pro-
duction of high-quality HSLA steel grades for a wide range
of mill designs and processing conditions.

The processing in a hot-strip mill can be subdivided into
three principa stages: (1) reheating, (2) rolling (in both the
roughing and finishing mill), and (3) cooling (water cooling
on the run-out table and coiling). The metallurgical phenom-
ena which occur in these three processing steps are summa-
rized in Table | and can be grouped into three categories: (1)
recrystallization and grain growth in austenite, (2) austenite/
ferrite phase transformation, and (3) precipitation. Modeling
the austenite-to-ferrite transformation on the run-out table
and the subsequent precipitation of carbides, nitrides, and/
or carbonitrides in ferrite during coiling appear to be of
particular importance; both aspects essentially determine the
mechanical properties, which depend on the character of the
transformation products (ferrite, pearlite, bainite, etc.), the
ferrite grain size, and the extent of precipitation and solid
solution.

Numerous investigations have been conducted to shed
light on microstructural evolution in microalloyed steels.
These studieshave usually separately characterized the effect
of microalloying additions on recrystallization,[*-*2 precipi-
tation,[*3-171 and phase transformation.*®% The emphasis
of this research was associated primarily with the phenome-
non of controlled rolling in Nb-microalloyed steels. Adding
Nb to the steel increases the so-called no-recrystallization
temperature, the temperature below which recrystallization
cannot be completed within the interstand times of a
multipassrolling operation. Laboratory investigationsreflect
quite accurately the roughing mill as well as the plate mill
operations, these having relatively low strain rates and
interpass times which range from a few seconds to approxi-
mately 30 seconds. Extending these laboratory findings to
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Tablel. Metallurgical Phenomena during Hot-Strip
Rolling of HSLA Stedls

Process Step
Reheating

Metallurgical Phenomena

ferrite-to-austenite transformation, grain
growth, dissolution of precipitates

Rolling recrystallization, austenite grain
growth, precipitation
Cooling austenite-to-ferrite transformation,

precipitation

the industrial conditions of hot-strip rolling is a challenging
task, because of the high strain rates and short interpass
times experienced on atandem finishing mill. An important
debateisstill underway asto whether the no-recrystallization
temperature is associated with the strain-induced precipita-
tion of Nb(CN)2>-23 or with Nb solute drag.[2*-27 Moreover,
surprisingly little attention has been paid to elucidating the
austenite-to-ferrite transformation in HSLA steelsfor accel-
erated cooling conditions, in spite of the fact that the technol -
ogy of accelerated cooling has been widely accepted as the
key for ferrite grain refinement and the resulting increase
of both the strength and toughness.

This article deals with a comprehensive approach taken
to model the microstructural evolution during hot-strip roll-
ing of commercial HSLA steels. All process steps were
analyzed, except reheating, where simplified assumptions,
such as equilibrium precipitate dissolution, were adopted.
With the aid of the experimental observations, a microstruc-
tural model for rough and finish rolling, as well as for run-
out table cooling and coiling, has been devel oped. The model
is organized according to the three principal metallurgical
phenomena, with recrystallization and grain growth being
dominant during rough and finish rolling, the austenite-to-
ferritetransformation occurring during run-out table cooling,
and precipitation taking place during coiling; precipitation
in austenite is of minor importance for industrial processing
of the steels investigated. This model extends the approach
which was proposed earlier for plain, low-carbon stegll28-31
to include selected HSLA steels.

I1. EXPERIMENTAL METHODOLOGY

A. Materials

The chemical compositions and Ae; temperatures®@ of
the investigated steels are shown in Table Il. The drawing-
quality, special-killed (DQSK) steel is an Al-killed plain
carbon steel which is included as a reference steel without
microalloying additions. The four HSLA steels represent
examples of various important microalloying strategies: (1)
singly microalloying with V, (2) singly microalloying with

Nb, (3) Nb/Ti microalloying with a substoichiometric Ti/N
ratio, and (4) Nb/Ti microalloying with an overstoichiome-
tric Ti/N ratio. Further, the two Nb/Ti grades represent differ-
ent strength classes: Nb/Ti 50 is similar in strength to the
singly microalloyed grades, with a minimum yield-strength
requirement of approximately 350 MPa (50 ksi), whereas
Nb/Ti 80 is a steel having a 550 MPa (80 ksi) minimum
yield strength.

B. Tests

In order to examine the required microstructural detail,
laboratory tests were carried out employing a Gleeble 1500
thermomechanical simulator and aDSI hot-torsion simulator
(HTS 100) to reproduce the thermomechanica processing
steps of a hot-strip mill. The torsion machine provides the
opportunity to simulate the entire process of a hot-strip mill,
from reheating to down-coiling.l*¥ The torsion specimens
are 183 mm in length, with a diameter of 14.3 mm; the gage
length of the working zone is 12.7 mm, with a diameter
of 10 mm. There is feedback temperature control during
reheating, employing a spot-welded thermocouple and, dur-
ing multipass deformation, employing an optical pyrometer.
After deformation, the specimens are He gas—cool ed to room
temperature. As a matter of convenience, microstructural
development during coiling has been studied using aging
tests, which employ salt baths for short holding times or a
conventional furnace for longer holding times. The Gleeble
is an excellent tool for quantifying specific microstructure-
modifying phenomena; i.e., recrystallization, grain growth,
precipitation, and austenite decomposition. Experimental
details of the Gleeble work have been published else-
where[2-03435 The Gleeble test series of the current
research is summarized in Table 111, showing the range of
parameters evaluated in specific Gleeble tests and the sig-
nificance of these parameters to microstructural charac-
terization.

In the first series of tests, austenite grain growth was
studied using isothermal tests, with the primary goal of
establishing suitable reheating conditions for subsequent
deformation and transformation tests. Table IV summarizes
the reheating conditions and austenite grain sizes employed
in this study. The austenite grain sizes are reported as an
equivalent volume diameter, which is required for more-
fundamental model approaches, as, for example, at least in
part, those employed in the transformation model. The vol-
ume diameter isobtained by multiplying the measured equiv-
alent area diameter (EQAD) by 1.2, as discussed in detail
by Giumelli et al.;*® the mean linear intercept, another
frequently employed method to characterize grain sizes,
amounts to 80 pct of the EQAD. The design of the austenite
reheating testsis complicated by the occurrence of abnormal

Tablell. Chemical Composition (Weight Percent) and Ae; Temperature (°C)*2 of the Steels

Steel Thaes C Mn \% Nb Ti S Al N
DQSK 883 0.04 0.30 — — — 0.009 0.040 0.0052
\% 876 0.045 0.45 0.08 — 0.002 0.069 0.078 0.0072
Nb 860 0.08 0.48 — 0.036 — 0.045 0.024 0.0054
Nb/Ti 50 857 0.07 0.76 — 0.023 0.013 0.014 0.053 0.0067
Nb/Ti 80 843 0.07 135 — 0.086 0.047 0.14 0.044 0.0070
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Tablelll. Parameter Range of Gleeble Tests

Test Series

Austenite grain
growth

Objective
establishing reheat-
ing conditions

Parameter Range

heating rate:

5 °C/s to 100°C/s
temperature;

950 °C to 1250 °C
holding time:

up to 15 min
reheating temperature:
950 °C to 1250°C
hit strain:

0.1to 1.0

strain rate:

0.1to 10s !
deformation
temperature;

900 °C to 1200 °C
temperature:

850 °C to 1050 °C
reheating temperature:
950 °C to 1150 °C
cooling rate:

1°C/s to 250 °C/s
retained strain:
0to 0.6

Single and dou-
ble hit tests

recrystallization
behavior

Stress relaxation  strain-induced
tests precipitation
Continuous austenite decompo-
cooling sition kinetics
transformation

TablelV. Reheating Conditions Employed and Resulting
Austenite Grain Sizes

Volumetric

Heating Reheating Austenite
Rate, Temperature, Holding Grain

Steel °Cls °C Time, s Size, um
DQSK 5 950 120 38
5 1100 120 136
5 1150 60 190
\% 5 950 120 36
100 1150 0 85
5 1150 30 120
Nb 5 950 120 18
100 1100 0 42
5 1150 30 84
5 1150 300 260
Nb/Ti 50 5 950 120 18
5 1150 120 73
Nb/Ti 80 5 950 120 11
5 1100 60 14
5 1150 60 29
5 1200 600 200
5 1250 600 330

grain growth, which occurs when precipitates begin to dis-
solve at the so-called grain-coarsening temperature.[2%:37

In the second series of tests, single-hit compression tests
were conducted to establish the deformation conditions for
static and metadynamic recrystalization. Then, double-hit
compression tests were performed to quantify the recrystalli-
zation kinetics as a function of the initial austenite grain size,
deformation strain, strain rate, and temperature. Recrystallized
grain sizes (and subsequent grain growth) were investigated
on specimens which were held sufficiently long after asingle-
hit test to complete recrystallization. Strain-induced precipita-
tion in austenite, as a function of temperature, was evaluated
using a stress-relaxation technique.**34 Continuous cooling
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TableV. Parameters Describing the Boundary Separating
Static and Metadynamic Recrystallization

Stedl n (s Zy(sh)  v(m?) Qu (kImol)
DQSK 5 x 1015 0 0.0129 334
v 5 X 10% 0 0.0129 334
Nb 3.76 X 10%° 0 0.0116 421
Nb/Ti 50  3.76 x 10%° 0 0.0116 421
Nb/Ti 80 852 X 10** 23 x 106  0.116 442

transformation (CCT) tests, rather than isothermal transforma-
tion tests, were conducted for theselow-carbon steelsto dilato-
metrically quantify the austenite decomposition kinetics as a
function of cooling rate and initial austenite microstructure.
The first transformation series examined undeformed samples
to quantify the effects of cooling rate and austenite grain size
on the transformation kinetics; the second test series aso
incorporated the role of deformation under no-recrystalliza-
tion conditionsin the austenite. The dilatometer measurements
were supplemented with metall ographic analysis of the micro-
structure resulting from the austenite decomposition; in partic-
ular, the ferrite grain size was measured as an EQAD. In the
final series of tests, aging tests in combination with hardness
measurementswere madeto develop amodel for the precipita-
tion-strengthening kinetics in ferrite during coiling. The indi-
rect precipitation studies (aging tests and stress-relaxation
tests) were supplemented by selected direct observations of
the particle-size distribution, employing transmission electron
microscopy (TEM).

1. RECRYSTALLIZATION AND GRAIN
GROWTH

A. Recrystallization Type

Whether static or metadynamic recrystallization takes
place is evaluated based on the flow-stress curves obtained
from single-hit tests. The occurrence of a peak in the stress-
strain response indicates that dynamic recrystallization takes
place. The critical strain (g) for dynamic recrystallization
is attained at a strain of five-sixths of the peak strain (ep).
The potential for dynamic and subsequent interstand (meta-
dynamic) recrystallization can be described with a limiting
Zener—Hollomon parameter, which separates those flow
curves which exhibit a peak from those without a peak. The
Zener—Hollomon parameter is a temperature-compensated
strain rate, i.e.,

Z= s exp (%) [1]

where Que IS an effective deformation activation energy.
The limiting Zener—Hollomon parameter has the form(2!

Zim = nexp (— vdy) + 2y (2]

where d, is the initial austenite grain size. Table V summa-
rizes the magnitude of the parameters Que, Zo, 1, and v used
for the steel grades examined in this study. For Z < Z;;,
interstand metadynamic recrystallization occurs, provided
the strain is larger than five-sixths of &,, since the effective
deformation times are sufficiently long because of low strain
rates and/or high temperatures. In general, these conditions
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Fig. 1—Comparison of the hot deformation response from torsion tests for
three classes of HSLA steels.

can only be fulfilled in the initial stands of the roughing
mill, where temperatures are comparatively high, strain rates
are relatively low, and reductions per pass are high. For the
later roughing stands, and, in particular, during finishrolling,
static recrystallization dominates.

B. Recrystallization Kinetics

An excellent overview of the general features of micro-
structural development during the actual rolling steps can
be obtained from torsion simulations. Figure 1 shows the
stress-strain curves of three of the five investigated steel
grades; i.e., V, Nb, and Nb/Ti 80. These three HSLA steels
represent three distinct responsesto the torsional simulation.
Each simulation involves reheating at 1200 °C, one roughing
pass, and seven finishing passes, all executed at a strain rate
of 1/s, with interpass times between the finishing stands
decreasing from 8 to 1 seconds. A constant low strain rate
and somewhat larger-than-industrial interstand times were
chosen for better control of the deformation temperature,
which isindicated for each passin Figure 1. However, it is
important to note that more-accurate simulations of actual
rolling schedules gave similar results, and the microstruc-
tures and properties produced matched those obtained under
industrial rolling conditions.**¥ The stress-strain curves
of Figure 1 confirm clearly the capacity for Nb to retard
recrystallization. In the Nb/Ti 80 steel with 0.086 wt pct Nb,
no significant recrystallization takes place in the finishing
passes, except after the first pass. For the Nb steel with
0.036 wt pct Nb, the accumulation of strain starts later, with
the third finishing pass. No strain accumulation is seen to
occur in the Nb-free V stedl; i.e., complete recrystallization
is evident after each interstand time throughout the entire
finishing-mill schedule, similar to that observed for plain
carbon steels. In fact, the V steel behaves essentially like
the DQSK steel, except that some preci pitation strengthening
is obtained during coiling, as discussed elsewhere in more
detail .[*9 The no-recrystallization temperatures concluded
from the torsion tests are approximately 970 °C for the Nb/
Ti 80 steel, 930 °C for the Nb steel, and 910 °C for the Nb/
Ti 50 stedl.
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A more-detailed quantification of the recrystallization
behavior was carried out using double-hit testswhich empha-
size static recrystallization, the dominant recrystallization
mode obtained during finish rolling. This processing stage
al so determinesthe austenite microstructure entering the run-
out table. The results further confirm the recrystallization
tendencies concluded from the torsion tests. For the Nb-
containing steels, there is clear evidence of strain retention
from deformation below the no-recrystallization temperature
(Tnr), as seen by the characteristic plateaus in the recrystalli-
zation curves occurring below approximately 1000 °C.14)
The plateau times can clearly be correlated with the precipi-
tation start and finish times observed in stress-relaxation
tests. However, as will subsequently be discussed in more
detail, strain-induced precipitation is unlikely to occur in
the finishing mill with mill residence times of not more
than 10 seconds. But, even in the absence of precipitation,
decreasing rates of static recrystallization are observed as
the Nb content increases. Consequently, recrystallization
appears to be solute drag—controlled for the hot-strip mill
processing conditions.

In this case, the kinetics of static recrystallization can be
characterized using an Avrami equation,?249 as proposed
for plain carbon steels, in terms of the time for 50 pct
recrystallization (tos)

where F, is the fraction recrystallized and k is the Avrami
exponent. The time for 50 pct recrystallization is a function
of the applied strain (&), the strain rate (), the mean initia
austenite grain size, and the deformation temperature (T),
as follows:

t0.5 = Ado S_B ¢;3_1/3 eXp (%) [4]

where R is the gas constant and the parameters A, 8, Qe
and k (from Eq. [3]) are summarized in Table VI. Figure 2
compares the static recrystallization kinetics exhibited by
three steels to different Nb contents for typical processing
parameters obtained in the last stands of the finishing mill.
As illustrated, the recrystallization rates decrease with
increasing Nb content because of increased solute drag. In
Nb-free steels (DQSK and V), 90 pct recrystalization is
attained in about 1 second. Thus, both steels will leave
the finishing mill fully recrystallized. In the Nb-containing
steels, the lower recrystallization rates lead to incomplete
recrystallization and accumulation of retained strain (&) in
the finishing stands, as verified in the torsion tests (cf. Fig-
ure 1).

C. Austenite Grain Sze

Animportant feature of the resulting austenite microstruc-
tureisthegrain size. Aslong asrecrystallizationis compl ete,
repeated grain refinement can be obtained from stand to
stand, with the recrystallized grain size given by

drex = AdY® & P exp (—Qu/RT) for diex > dy  [5]

where the parameters A, p, and Qg are summarized in Table
VI. A grain-size limit is attained when d,, approaches the
initial austenite grain size; i.e., do = dy for al cases where
Eq. [5] would predict d,e, < do. The statically recrystallized
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TableVI. Parameters Describing Static Recrystallization

Steel k A(9) B Qrex (kJmol) A(um?3) p Qg (kJmoal)

DQSK 2 4.35 X 10718 0.68 248 100 0.37 28
\Y, 05 429 X 10715 20 262 100 0.37 28
Nb 05 410 X 107¥ 20 338 1.36 x 10* 0.79 88
Nb/Ti 50 0.77 152 x 1074 15 275 1.36 x 10* 0.79 88
Nb/Ti 80 1.32 7.25 X 10718 28 349 470 0.65 46

(T > 1120 °C) (T > 1120 °C)

1.00 X 1072 216

(T < 1120 °C)

(T < 1120 °C)

1.0 - =
— Nb/Ti 80 (0.086%Nb) e
— -~ Nb/Ti 50 (0.023%Nb) , :
[ DQSK (0.0%Nb) ./
= 038 :
g F Y
£ .
g 4
(=i L
3 0.6 '/
s P/
= = ° Py
3 04 TT900°C iy
3 =02 /
g de/dt=100s" s
& 02 d,=25 um /
0.0 == e ' —!
102 10! 100 10! 102
Time, s

Fig. 2—Comparison of the predicted static recrystallization kinetics for
steels with different Nb contents for typical conditions in the later finish
stands with a rolling temperature of 900 °C, a strain of 0.2 at a strain rate
of 100 s™%, and an initial austenite grain size of 25 um.

grain size decreases with increasing strain, decreasing initial
austenite grain size, and decreasing temperature; the strain
rate does not markedly affect the grain size produced by
static recrystallization. The more-extensive grain refinement
obtained at lower temperatures can be attributed to the
reduced recovery and the associated increased dislocation
density, which enhances the driving force for nucleation of
recrystallized grains. It aso reflects the lower mobility of
recrystallizing grain boundaries resulting in lower growth
rates, thereby allowing for a comparatively longer period
for additional nucleation. Larger deformation (strain) gener-
ates a higher dislocation density and introduces smaller sub-
grains, thus increasing the density of nucleation sites for
static recrystallization, which results in finer new grains.
The effect of initial austenite grain size can be rationalized,
assuming that the predominant nucleation occurs at grain
boundaries and that the nucleation rate per boundary area
is independent of grain size. These assumptions suggest a
grain-size exponent of 1/3, in good agreement with empiri-
cal-fit values.[* Consequently, larger initial grains are better
relative grain refiners than smaller grains. A grain-refine-
ment limit is attained when d,, = do. Under industrial rolling
conditions, this limit usually falls in the range from 20 to
40 um, with the finer grains being obtained in the Nb-
microalloyed steels.

As described in a previous article,? grain growth fol-
lowing recrystallization occurs unpinned in plain carbon
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steels, since AIN precipitation does not take placein austen-
ite during industrial processing. This conclusion remains
valid for the V steel, since V precipitates will not form
during austenite rolling. In these steels, austenite grain
growth is significant during the longer times between
roughing stands and can be neglected during the small
interpass times, decreasing from 4 to 0.5 seconds in finish
rolling, in combination with comparatively low tempera-
tures (900 °C to 1100 °C).[?%4U The situation is more com-
plex when Nb and/or Ti are added to the steels. Since TiN
does not dissolve during reheating, it is usually assumed
that it provides sufficient pinning to prevent any significant
austenite grain growth in Ti-microalloyed steels. However,
the current grain-growth studies suggest that TiN particles
may be coarse enough to have limited effectiveness in
pinning grain boundaries.[31 For example, in the Nb/Ti 80
steel, TiN precipitates are observed, with sizes on the order
of 1 um, and substantial grain growth occurswith no appar-
ent limit at temperatures above 1200 °C, as evident from
Table IV. However, austenite grain-growth inhibition is
confirmed for much-finer TiN distributions, as found in
the lower-Ti-grade Nb/Ti 50, where holding at 1200 °C
does result in the same grain size as that observed at 1100
°C and 1150 °C, respectively.’1 Since the particle-size
distribution of TiN results essentially from casting,“? it is
likely that the effectiveness of grain-boundary pinning due
to Ti additionsisfixed beforetheslabs are reheated in ahot-
strip mill. Thus, the TiN distribution could be considered to
be an additional parameter to the steel chemistry which
affectsthe microstructure-property evolution. However, the
overall significance of this variable is thought to be minor.
In addition, for the overall austenite grain-size evolution,
the effects of Nb have to be considered. Having seen the
considerable solute-drag effect of Nb on recrystallization,
the solute Nb must have an even more pronounced effect
on grain growth, with its much lower driving pressures,
than on recrystallization. Even in cases with no Ti additions
or ineffective TiN pinning, Nb solute drag prevents signifi-
cant austenite grain growth at temperatures well in excess
of the no-recrystallization temperature. An exact quantifi-
cation of theNb solute-drag effect on austenite grain growth
requires additional studies; the current results are not con-
clusive.l’1 However, as is the case for plain carbon steels,
the austenite grain size at the exit of the finishing mill is
primarily given by the recrystallized grain size and islittle
affected by grain growth at the lower finishing temperatures
and shorter interstand times; this would also be expected
to be true for the microalloyed steels.
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IV. AUSTENITE-TO-FERRITE
TRANSFORMATION AND FERRITE GRAIN
SIZE

A. Austenite Decomposition Kinetics

The CCT tests on undeformed samples reveal similar
tendencies for al five steel grades investigated. Increasing
the cooling rate and/or increasing the austenite grain size
lowers the transformation temperature. In particular, for the
higher-alloyed grades (e.g., Nb/Ti 80), thisis a so associated
with a considerable tendency to form acicular microstruc-
tures. For the Nb-containing steels, it isnecessary to evaluate
the effect of a pancaked austenite microstructure on the
transformation kinetics, thereby incorporating the effect of
controlled rolling into the transformation studies. Surpris-
ingly, thereislittle effect of adeformed austenite microstruc-
ture on the transformation behavior under accelerated
cooling conditions, as discussed in detail elsewhere for the
Nb steel .[*3l The major effect of retained strain is to encour-
age the production of a predominantly polygona ferrite
microstructure. This becomes a critical issue for the Nb/Ti
80 steel, where, because of its higher Mn content, without
retained strain, a very fine austenite microstructure with
grain sizes of approximately 10 um is required to produce
a polygonal ferrite microstructure by accelerated cooling
conditions. For larger austenite grains, the presence of a
retained strain of approximately 0.6 or more, which can
be expected to be the accumulated strain during controlled
rolling of this grade, is a prerequisite to form a polygonal
ferrite microstructure. Figure 3 shows examples of theferrite
microstructures obtained for al five gradesin the CCT tests,
having cooling rates of approximately 100 °C/s and initial
austenite microstructures similar to those expected at the
exit of the finish mill. All five steels exhibit a ferrite micro-
structure. As the transformation temperatures decrease, the
ferrite grain sizes decrease and there is also a tendency to
form less and less polygonal ferrite, albeit the determination
of the ferrite grain sizeis still possible for the quasi-polygo-
nal ferrite of the Nb/Ti 80 steel.

One of the compromises of the Gleeble tests is that con-
trolling the austenite grain size by reheating does not exactly
duplicate the precipitation state that would be relevant for
the hot-strip mill. In particular, for the finer austenite micro-
structures, the reheating temperatures are too low to obtain
significant dissolution of those carbides and nitrides; i.e.,
VC, VN, TiC, NbC, and NbN, which would dissolve during
reheating in the mill. For this reason, the CCT microstruc-
tures are also compared to those obtained by torsion testing,
where the mill conditions are more closely simulated. No
significantly different ferrite grain sizes are found except
for theV steel, where the ferrite grain sizes appear to consis-
tently be 25 pct larger in the torsion samples than in those
obtained in CCT tests. Thus, it was concluded that, at least
as afirst approximation, the potential solute-drag effects of
the microalloying elements on the austenite-to-ferrite trans-
formation do not have to be assessed specifically. With this
recognized limitation, the plain low-carbon steel model pre-
viously developed to describe the transformation kinetics on
the run-out table can be used to describe the transformation
kinetics of HSLA steels as well.[303

The transformation start temperature (Ty), which can be
associated with nucleation-site saturation at austenite grain
boundaries, ispredicted, assuming the early growth of corner
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ferrite nucleated a Ty to be rate controlling (Table VII),
i.e B0

d_Rfd_T: —CV_Coi 6]
dT dt “c,— R

where R; is the radius of the growing ferrite grain, D¢ isthe
carbon diffusivity in austenite,*¥ c° is the average carbon
bulk concentration and c, and c, are the equilibrium carbon
concentrationsin ferrite and austenite, respectively. The con-
dition for nucleation-site saturation is reached if

_@-4
R= e /5 7

whered, istheaustenitegrain sizeand c* indicatesalimiting
carbon concentration in the vicinity of the growing ferrite
nuclei, above which ferrite nucleation is inhibited. For a
constant cooling rate (¢), Egs. [6] and [7] lead to

o — 0= 2(C —CO) /J. DCC _CO [8]

which suggests that the transformatlon start temperaiure is
a function of cooling rate and grain-boundary areg; i.e.,

¢ d2. Asafirst approximation, c* can betaken asaconstant,
as shown in Figure 4 for the Nb steel, where ¢ = 1.3 ¢°,
similar to that used for the DQSK and V steel values. fa1f
Figure 4 also illustrates that, for accelerated cooling condi-
tions, the effect of retained strain on the transformation start
can be neglected for this steel grade. However, in the Nb/
Ti 80 steel, a small but marked effect of retained strain is
evident. The ¢* value decreases from 2.2 to 2.0 c° as the
retained strain increases from 0 to 0.6, reflecting an increase
of the transformation temperature by approximately 20 °C
due to a pancaked austenite microstructure. A more-striking
effect is obvious when the c*/c° ratios (1.3 for the Nb steel
and 2.0 for the controlled-rolled Nb/Ti 80 steel) for both
gradesare being compared, asillustrated in Figure 5. A larger
c*/c° ratio, which is associated with a higher undercooling to
attain transformation start for the same combined cooling/
grain-size condition, indicates a significantly larger solute
drag-like effect at the moving a-vy interface. The latter can
primarily be attributed to Mn, as the c*/c° ratio increases
from 1.3 with 0.48 wt pct Mn to 2.0 with 1.35 wt pct Mn.
In addition to Mn, the increased Nb content in the Nb/Ti 80
grade (0.086 wt pct) compared to that in the Nb grade (0.036
wt pct) may also enhance the solute drag—like effect, as
suggested by Subramanian et al.[*® To improve the accuracy
for predicting the onset of the phase transformation, c* may
be represented ag*?!

c* = (X* + x,/d, + Axexp (—0.0003(Ty — T)??) c° [9]

where the parameters x*, x,, and Ax are summarized in
Table VII.

The subsequent ferrite growth can be described using an
Avrami approach and adopting additivity. Theferritefraction
(X) transformed at T = T(t) can be written ag*®!

.
exp ((by(Taes — T') + by)/n)
(TS AT) T ))) Ha
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where ¢(T) = —dT/dt is the instantaneous cooling rate, and
by, by, and m are summarized in Table VII. The Avrami
exponent, n = 0.9, can be used for al steel grades studied;
i.e., the findings for the plain carbon steeld3% remain
valid for the HSLA steels as well. An Avrami exponent of
approximately 1, which was also reported for a variety of
other plain carbon steels,[*! indicates nucleation-site satura-
tion and one-dimensional ferrite growth from austenite
grain boundaries.

METALLURGICAL AND MATERIALS TRANSACTIONS A

Fig. 3—Microstructures obtained in CCT tests with a cooling rate of
approximately 100 °C/s: (a) DQSK sted!, d, = 38 um; (b) V stedl, d, =
36 um; (c) Nb steel, d, = 18 um with aretained strain of 0.5; (d) Nb/Ti
50 steel, d, = 18 um; and (€) Nb/Ti 80 steel, d, = 29 um with aretained
strain of 0.6.

In general, a ferrite fraction of 95 pct or more is formed
under industrial hot rolling, controlled cooling, and coiling
conditions for the low-carbon steels investigated in this
study. However, the potential for forming nonferritic trans-
formation products has to be considered for the Nb/Ti 80
grade; although retained strain extendsthe cooling-raterange
for which polygonal (or quasi-polygonal) ferrite is being
formed, nonpolygonal or acicular ferriteispresent. However,
a detailed quantification of the amount of nonpolygonal
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Table VII.

Parameters Describing Austenite-to-Ferrite Transformation and Ferrite Grain Size

Steel T °C X~ X, Ax m b, (1/°C) b, E (um™9) q
DQSK 843 115 9.1 0.15 22 0.033 48 50.7 0.024
\% 843 1.18 4.2 0.15 18 0.022 42 47.3 0.037
Nb 805 114 4.6 0.15 18 0.030 11 49.6 0.036
Nb/Ti 50 800 123 85 0.15 13 0.026 —0.44 50.7 0.037
Nb/Ti 80* 785 2.00 0 0 13 0.035 —-36 *x *x

*Controlled rolled with &, = 0.6.

**No grain size dependence recorded.

240 ferrite formed is difficult, and only estimates can currently

be made to characterize the transition condition contributing

_ c*/c°=1.3 to the_ forman(_)r_l of nonpqugonal structures, Urij(tunater,

HSLA-Nb A adopting a critical a-y interface velocity to indicate the

200 + 0 £=0.5 ferrite stop condition, as proposed for plain carbon
&= =0.

—
D
(=)

120

Undercooling (T, ,-Ty), °C

[0
(o)

40 1 I | | |
10? 10° 10 10° 108

(de2, oCs-lme

Fig. 4—Effect of retained strain on the transformation start temperature,
Ts, in the Nb steel as a function of cooling rate, ¢, and austenite grain
size, d,.[*

240
HSLA-Nb/Ti 80

200 | (1.35%Mn)
£ (0.086%Nb)
Sﬂ c*/c°=2.0
7 160 -
)
[=T)]
5
T 120 -
S
5 HSLA-Nb
E ol (0.48%Mn)
= (0.036%Nb)

c*/c’=1.3
40 | | 1 |
102 10° 104 10 106

(Pd.,z, oCs-lumZ

Fig. 5—Effect of Mn and Nb on the degree of undercooling, AT =
Tae, — Ts: required for the transformation start.
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steels, 248 cannot be extended to HSLA steels. An alterna-
tive approach incorporating the effect of retained strain has
been adopted, where

Tyanstion = 620 — 600&3 (in °C) (for &, < 0.6)

and

[114]

Tyanstion = 490 (in °C) (for &, > 0.6)  [11b]

isthetemperature bel ow which nonpolygonal transformation
products start to form in the Nb/Ti 80 steel.

B. Ferrite Grain Sze

The ferrite grain size results from austenite decomposi-
tion; no significant ferrite grain growth takes place for coil-
ing temperatures below 700 °C. The CCT results indicate
that the ferrite grain size (d,) can be expressed as afunction
of thetransformation start temperature in the form suggested
by Suehiro et al.,[*

d, = (Fexp (B — E/Tg)Y [12]

where d, is the EQAD in micrometers; Tsis in Kelvin; F
is the final ferrite fraction; E = 51,000 for al steels but the
Nb/Ti 80 grade, where E = 15,400; and B is a function of
theinitial austenite microstructure. | n the absence of retained
strain, B can be expressed as

B = Ed¢ [13]

with the parameters E and q being summarized in Table
VII. Figure 6 shows the correlation of the ferrite grain size
and the transformation start temperature determined in CCT
tests without deformation for the medium-strength HSLA
Steels.

In the Nb-microalloyed steels, the effect of retained strain
has to be incorporated before the model can be applied to
controlled rolling. For the lowest Nb grade, Nb/Ti 50, these
effects are negligible. As shown elsewhere/*d a limiting
ferrite grain size(dim) is approached in the Nb steel as &,
increases. This can be reflected in the combined transforma-
tion—ferrite-grain-size model by adopting an effective aus-
tenite grain size of d* = 10 um, for &, = 0.5, to predict
the ferrite grain size; a linear interpolation between the
strain-free case and d i, is suggested for intermediate strain
levels. In the Nb/Ti 80 steel, where the effects of retained
strain are more pronounced, B may be written as a function
of the retained strain rather than the austenite grain size:[*!

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 6—Ferrite grain size asafunction of the transformation start tempera-
ture for the medium strength HSLA steels, as obtained in the CCT tests
without deformation after reheating at 950 °C; the solid lines indicate
predictions.

B = 195 + 1.7 exp (—6e,) [14]

To relate the ferrite grain size to the early transformation is
consistent with the findings of Priestner and Hodgson.[®
With in-depth studies, they showed that the ferrite grain
size is determined by the nucleation and the early growth
processes of the ferrite. An important implication of EQ.
[12] isthat designing the run-out table cooling pattern before
and in the initial stages of the transformation is critical to
maximize the effects of accelerated cooling on the ferrite
grain refinement. Coolingislesscritical oncethetransforma:
tion is initiated, except, perhaps, for the Nb/Ti 80 stedl,
where too-rapid cooling during transformation may trigger
the development of nonpolygonal transformation products.
Pereloma and Boyd!®Y addressed this issue by investigating
stepped cooling regimes. Additional work using similar tests
isrequired to refine the ferrite-grain-size and transformation
model for the Nb/Ti 80 grade.

Figure 7 compares the predicted ferrite grain sizefor three
HSLA steels as a function of the average cooling rate, from
Ty to Ts Theaustenite microstructure produced during finish
rolling is approximated by d, = 30 um and &, = 0.6 for
the Nb/Ti 80 grade, d, = 20 um and &, = 0.5 for the Nb
grade, and d,, = 30 um for the V steel. The predicted ferrite
grain size for the V stedl is obtained by multiplying the d,,
relationship concluded from the CCT tests by a factor of
1.25toreflect theanticipated role of solute V under industrial
conditions. Clearly, the beneficial effect of accelerated cool-
ing on ferrite grain refinement is evident. Changing d,, in
therange from 20 to 40 um, appears of minor importance for
thefully recrystallized steels, with theresulting d,, varying on
the order of 10 to 15 pct.!5? Further, in the Nb-microalloyed
steels, the amount of retained strain does mask the effect of
the actual austenite grain size(cf., e.g., Eq. [14]). The cooling
rates in the water-spray zones of a run-out table, where the
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HSLA-V (d,=30um)

(d,, in coils: 7-9 pm)
6 -

HSLA-Nb (d,=20um, £,=0.5)
4 |
HSLA-Nb/Ti 80 (d,=25pm, £ =0.6)
(d, in coils: 2-3.5 pm)

Ferrite grain size, um
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Fig. 7—Ferrite grain size predictions for three classes of HSLA steels.

ferrite transformation initiates, are usualy in the range from
100 °C/s to 150 °C/s, depending on the strip thickness and
velocity. The results shown in Figure 7 suggest a ferrite
grain size of approximately 8 um for the HSLA-V stedl, 4
um for the controlled-rolled HSLA-ND steel, and 2.5 um
for the controlled-rolled Nb/Ti 80 steel. These predictions
are in good agreement with measurements made on hot-
rolled coil samples having a ferrite grain size ranging from
7 to 9 um for the V stedl, from 3.5 to 5 um for the Nb
steel, and from 2 to 3 um for the Nb/Ti 80 stedl.

V. PRECIPITATION

A. Strain-Induced Precipitation in Austenite

The study of strain-induced precipitation in austenite
emphasized the Nb-containing steels, in particular, those
with ahigher Nb content; i.e., the Nb and the Nb/Ti 80 steels.
The precipitation kineticsin austenite were investigated with
a stressrelaxation technique, where two characteristic
inflection points in the stress-relaxation curves indicate the
precipitation start time (Pg) and the precipitation finish time
(P;).[*834 The complexity of this method requires deforma-
tion conditions (10 pct strain at astrain rate of 0.1 s™%) which
are far from those of hot rolling. However, the relevance of
these measurements has been confirmed with double-hit tests
at higher strains and strain rates, where characteristic pla-
teaus in the softening behavior are observed at similar times
for a given temperature.¥ The P, and P; values measured
at different test temperatures in the stress-relaxation tests
were used to construct the precipitation-time-temperature
(PTT) diagram shown in Figure 8. The TEM analysis of
replicas confirmed the presence of Nb particles in the Nb
steel, as well as TiN, and more-complex Nb and Ti precipi-
tates in the Nb/Ti 80 steel. TiN is a stable precipitate which
does not dissolve during reheating. Based on these observa-
tions, it was concluded that strain-induced precipitation of
Nb(CN) can occur in the Nb steel and of NbC, as well as
TiC and/or (Nb,Ti)C, in the Nb/Ti 80 steel.

As shown in Figure 8, an earlier precipitation start is
observed for the Nb steel, this grade having less Nb (0.036
wt pct) than the Nb/Ti 80 grade (0.086 wt pct.). This is
attributed to the precipitation of carbonitrides in the Nb
grade, whereas, in the higher-Nb grade (Nb/Ti80), all of the
N istied upin TiN and only carbides can form. The carbides
show lower nucleation rates, consistent with estimates of
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Fig. 8—Precipitation-time-temperature diagram for the HSLA-Nb and
HSLA-Nb/Ti 80 grades.

interfacial energies by Sun et al.l*¥ More important, the
measured precipitation start times exceed, in both grades,
thefinish mill residencetimes. Thus, to afirst approximation,
it isassumed that all Nb (and excess Ti) remains in solution
after finish rolling in a hot-strip mill. However, Nb(CN) or
(Nb,Ti)C precipitation is predicted for the extended pro-
cessing times experienced in a Steckel mill. Significant pre-
cipitation may occur in a Steckel mill, with the degree of
precipitation strengthening being a function of the rolling
temperature and the mill residence time, as discussed by
Collins et al .53 To extend the present mode! to these differ-
ent processing conditions, further studies of the precipitation
detail are required to develop akinetic model, for example,
one similar to that proposed by Sun et al.l?”

B. Precipitation in Ferrite

In ahot-strip mill, the precipitation of the various carbides
and nitrides occurs primarily in ferrite during coiling, with
the exception of the TiN, which is formed near the melting
temperature and is stable throughout the entire rolling pro-
cess. In Al-killed plain carbon steel, precipitation is related
to the formation of AIN. This precipitation process does not
provide significant hardening, as do the carbides and nitrides
in the microalloyed grades. Nevertheless, the status of AIN
precipitation in the hot band is of practical importance, since
it controls texture devel opment during subsequent cold roll-
ing and annealing, thereby affecting the formability charac-
teristics of the steel sheet. The kinetics of AIN precipitation
in hot-rolled DQSK coils can be described by the model of
Duit et al.I> The amount of nitrogen in solution is given by

Niree = N — 5190 Alas<1 -

t
( ( exp (—260 kJmo|1/RT)°'44)>
exp|—
to

[15]

43x 10 0g
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where Nyy IS the total amount of nitrogen (in parts per
million), and Al is the amount of acid-soluble aluminum
(in weight percent). Equation [15] was developed for the
following chemistry range: 15 ppm < Ny < 75 ppm and
0.028 wt pct < Aly < 0.0052 wt pct.

For the HSLA steels, aging tests in combination with
hardness measurements provide information on the extent
of precipitate strengthening and, at least indirectly, also on
the precipitation kinetics. Extensive TEM work is needed
to obtain the actual data describing the development of the
precipitate population. Aging tests were carried out on tor-
sion samples (Nb-containing steels) or, when available, on
rapidly cooledtail piecesof acoil (V stedl). The development
of an aging peak, where peak timesincrease as aging temper-
ature decreases, are observed for both the V steel™ and the
Nb/Ti 80 steel, which has the highest Nb content. For the
lower-Nb grades, only overaging with an associated decreas-
ing hardness could be verified. For a given steel grade,
the peak hardness is independent of the aging temperature,
suggesting a temperature-independent volume fraction of
strengthening precipitates. This is consistent with the
extremely low solubility of all microaloying elements in
ferrite. Moreover, TEM investigations clearly confirmed par-
ticle coarsening to be responsible for the observed aging
behavior.[®

Assuming that coarsening of V(CN) and Nb(CN) is the
relevant rate-controlling step of the precipitation kinetics,
the mean particle size (r) can be determined, according to
the Lifshitz—Slyozov—Wagner theory, to bel®6:57

r3—r3=Ctexp(— QRT)/T [16]

where rq is the initial mean particle size, C a constant, and
Qistheeffective activation energy of bulk diffusion of V and
Nb. Based on Eq. [16], a temperature-corrected time, (P)[>!

_ texp (= Q/RT) [17]

P
T

can be introduced to characterize precipitation during aging.
Precipitation strengthening (Ao) is afunction of P, with the
maximum or peek strength being redlized at P,. Master
curves for precipitation age hardening can be constructed
by introducing a normalized temperature-corrected time
(P* = P/Py) and a normalized precipitation-strength contri-
bution (AofAoy), where Agy, is the peak-strength contribu-
tion. Figure 9 compares the normalized hardness changes
observed in the Nb/Ti 80 steel to those obtained for a 0.046
wt pct Nb steel, as reported by Vollrath et at.[5% At least to
afirst approximation, the precipitation-strengthening kinet-
ics of both steels can be described with the same parameters,
based on the following relationship:[5>58!

Ay LOAG(PH/4o
771 r (Pray

which assumes that the base strength, related to ferrite grain
size and ferrite fraction, can be described by the structure-
property relations proposed for plain carbon steels by Cho-
quet et al.ld The initial part of the aging curve, i.e., P*
< 0.001, is aso affected by solute solution strengthening
because of incomplete precipitation.[® It can be concluded
that, in both steels, Nb diffusionisrate limiting for precipita-
tion strengthening, and other effects, like interparticle spac-
ing or Ti diffusion (approximately 20 pct of the precipitation

[18]
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Fig. 9—Precipitation hardening in Nb-containing HSLA steels; open sym-
bols represent the results of Vollrath et al.[5% for a 0.046 pct Nb stee!, full
symbols those of this study for the HSLA-Nb/Ti 80 steel, and the solid
line indicates the prediction.

strengthening in the Nb/Ti 80 steel can be attributed to TiC),
are of second order. This analysis can aso be applied to the
V steel. Asaresult, the parameters Q and P, can be attributed
to the major microalloying element, i.e., V and Nb, respec-
tively, with Q = 384 kJmol and P, = 1.3 x 107% s/K
being adopted for the V steel and Q = 269 kJ/mol and P, =
4.7 X 107 gK being adopted for the Nb—m|croalloyed
steels.% |t is also apparent that the aging curves exhibit a
fairly broad peak. As can be seen in Figure 9, approximately
90 pct of the peak strength is realized, even though aging
timesare asmuch asone order of magnitudelarger or smaller
than the actual peak aging time.

To appreciate the precipitation strength developed during
coil coaling, Eq. [17] can be written as

exp (— QRT(t)) ..,
f 0 dt [19]

to incorporate temperature changes with time. Figure 10
shows the normalized precipitation-strength contribution as
a function of coiling temperatures for both V-and Nb-
microalloyed steels, assuming coil cooling at a rate of 30
°C/h. The results suggest that V steels should be coiled at
635 °C to 720 °C, and Nb steels at 570 °C to 675 °C, to
develop at least 90 pct of their precipitation-strength poten-
tial, with the maximum precipitation strength for each steel
being observed at approximately 675 °C and 625 °C, respec-
tively. These predictions are consistent with industrial coil-
ing practices for these steel grades.

Unlike the relative precipitation strength, the maximum
precipitation-strength contribution does strongly depend on
the microalloy content. In general, there is an increase in
strength as the microalloy addition increases.'®® Table VIII
summarizes the Aoy, values of the four HSLA steels exam-
ined in this study. Additional research isrequired to develop
chemistry-sensitive relations for the precipitation-strength-
ening potential. This would be a prerequisite to extending
the current microstructural model to Steckel mill operations,
where, depending on the mill residence time, only afraction
of the microalloy addition remains in solution after rolling
and can contribute to precipitation strength.

METALLURGICAL AND MATERIALS TRANSACTIONS A

1.0 -
09 -
0.8
0.7
= 0.6
0.5
0.4
0.3
0.2
0.1 F

0 0 | | | |
500 550 600 650 700 750

Nb steels

V steels

Ac/Ac

T

Coiling temperature, °C

Fig. 10—Prediction of normalized precipitation strength as a function of
coiling temperature when a 30 °C/h cooling is assumed to characterize
cailing.

TableVIIl. Maximum Precipitation Strength
Contribution (MPa)
Steel \Y, Nb Nb/Ti 50 Nb/Ti 80
Aoy 145 152 126 225

VI. CONCLUSIONS

A comprehensive microstructural model has been devel-
oped for hot-strip rolling of microalloyed, low-carbon steels.
The model addresses recrystallization kinetics during finish
rolling, the ferrite grain size resulting from the austenite-to-
ferrite transformation on the run-out table, and precipitation
of carbides, nitrides, and/or carbonitrides during coiling as
the key features affecting the desired properties of the hot-
rolled steel. The microstructural model has been incorpo-
rated into a state-of-the-art temperature-and-deformation
process model. Predictions from this model for industrial
processing have been reported for plain carbon steels, includ-
ing DQSK stedl.["6162 The model has also been modified
to incorporate HSLA steels[*® Validation of the process
model for HSLA steelsis currently being performed in coop-
eration with a number of steel companies across North
America.

Process model s which draw on fundamentally based com-
prehensive microstructural models, similar to that presented
here, appear to be promising tools which may aid the steel
industry in producing high-quality hot bandswith tight prop-
erty tolerances. The current models appear to be reliable for
medium-strength HSLA stedls; i.e., steels like the V, Nb,
and Nb/Ti50 steels of this study. Although the present model
would benefit by incorporating the effect of steel chemistry,
extensive laboratory work is still required to quantify the
effect of chemistry variations. Moreover, additional work
is essentia in order to improve the quality of the model
predictions for the higher-strength grades, like the Nb/Ti 80

VOLUME 31A, APRIL 2000—1257



steel. The probable future applicability of the process model
will be for the advanced steel grades, such as the HSLA-
80 steels. The modeling approach, which necessarily quanti-
fiesthe metallurgical microstructural evolution mechanisms,
should contribute to the development of even higher—
strength HSLA steels for commercia applications, e.g., for
linepipe grades.®3 Thus, future work will be concentrated
on these more-advanced steels, where the challenges are
twofold.

First, theferritemicrostructurein these steels(e.g., HSLA-
80) displaysvisible deviation from the polygonal grain struc-
ture which is present in the lower-strength grades. This
acicular ferrite, with ahigher dislocation density and associ-
ated transformation hardening, requires a more detailed
metallographic and microhardness characterization before
adequate structure-property relationships can be proposed.
In addition, unlike the grades with polygonal ferrite, the
later transformation stages in these steels have to be quanti-
fied with more accuracy to better appreciate the mechanisms
which devel op the acicular transformation products. Further,
these and similar studies are required to devel op transforma-
tion modelsfor hot-rolled multiphase steels displaying trans-
formation-induced plasticity.

Second, there are limits to adequately ssimulating in the
|aboratory the precipitation and segregation behavior of the
microalloying elements, which occurs during industrial roll-
ing. Thus, microstructural models devel oped from laboratory
simulation tests require critical assessment to evaluate their
potential differences with respect to the particle-pinning and
solute-drag forces that exist during industrial processing.

Despite these challenges, the proposed microstructural
modeling approach is sufficiently general to be easily
extended to compact strip production!® and other advanced
processing routes, which are currently under devel opment
in the steel industry.
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