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Adjusting ferrite recrystallization kinetics during annealing is a way to control the final
microstructure and thus the mechanical properties of advanced cold-rolled high-strength steels.
Two strategies are commonly used for this purpose: adjusting heating rates and/or adding
microalloying elements. The present work investigates the effect of heating rate and
microalloying elements Ti, Nb, and Mo on recrystallization kinetics during annealing in
various cold-rolled Dual-Phase steel grades. The use of combined experimental and modeling
approaches allows a deeper understanding of the separate influence of heating rate and the
addition of microalloying elements. The comparative effect of Ti, Nb, and Mo as solute
elements and as precipitates on ferrite recrystallization is also clarified. It is shown that solute
drag has the largest delaying effect on recrystallization in the present case and that the order of
solute drag effectiveness of microalloying elements is Nb > Mo > Ti.

https://doi.org/10.1007/s11661-018-4642-z

© The Minerals, Metals & Materials Society and ASM International 2018

I. INTRODUCTION

DUAL-PHASE (DP) steels are the most developed
and widely used advanced high-strength steels.

Their final microstructure is made of a hard marten-
sitic phase dispersed in a soft bainitic/ferritic matrix and
offers a good compromise between high strength and
high formability.' 3! The processing route for col-
d-rolled DP products consists of hot-rolling followed
by cold-rolling and continuous annealing. Continuous
annealing of cold-rolled sheets consists of heating and
soaking in the intercritical temperature range, leading to
the formation of a microstructure composed of ferrite
and austenite. Subsequent cooling leads to the final
microstructure made of martensite, bainite, and ferrite.
As the microstructure obtained at the end of the
intercritical annealing has a major influence on the final
mechanical properties of DP steels, understanding
microstructural changes during this stage is of
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considerable interest. These microstructural changes
are the results of three major mechanisms: precipitation
of microalloying elements, ferrite recrystallization, and
austenite formation. These mechanisms may occur
simultaneously or successively and may interact with
each other. Their kinetics and interactions essentially
depend on three key factors: the nominal composition of
the steel, the microstructure after cold-rolling, and the
processing parameters of the annealing cycle (heating
rate, soaking temperature, and soaking time). Monitor-
ing the microstructure obtained at the end of annealing
thus implies to know and to take benefit of the separate
role of these factors on the different mechanisms.
Recrystallization is one of the mechanisms that are
essential to control. Recrystallization is the formation of
new dislocation-free grains within the deformed struc-
ture by the migration of high-angle grain boundaries.!
Recrystallization kinetics are important to control for
two main reasons. The first reason is that recrystalliza-
tion and subsequent grain growth determine the final
ferrite grain size. The second reason is that recrystalliza-
tion strongly affects austenite formation and distribu-
tion, and thus the morphology of the microstructure.[®”!
In particular, it was shown that the overlap of ferrite
recrystallization and austenite formation results in a
finer, more heterogeneous and anisotropic microstruc-
ture.l”! The cold-rolled microstructure influences recrys-
tallization kinetics during annealing through the amount
of the stored energy of deformation. It is indeed well
known that the stored energy is the driving force for
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recrystallization in deformed specimens.”! To control
recrystallization kinetics for a given cold-rolled
microstructure, two main strategies can be used:
adjusting heating rates and/or adjusting the content
of microalloying elements delaying recrystallization.
The effect of heating rate on ferrite recrystallization
kinetics is well established!®®”: an increase in heating
rate retards recrystallization and increases the temper-
ature of complete recrystallization. While the effect of
microalloying elements on impeding austenite recrys-
tallization during hot rolling has been extensively
studied,"% 12! their effect on impeding ferrite recrystal-
lization during annealing of cold-rolled steels has been
more scarcely investigated.!'*'¥ Two main questions
arise regarding the effect of microalloying elements: the
first one deals with the comparative effectiveness of
microalloying elements as solute elements and as
precipitates. Indeed, the microalloying elements still
available in supersaturated solution in the cold-rolled
sheet precipitate as fine (Ti,Nb,Mo)(C,N) particles
during the annealing treatment. Microalloying elements
can thus affect recrystallization by two mechanisms:
either by solute drag as solute elements!!>!'®! and/or b;/
Zener-pinning on grain boundaries as precipitates.'”!
The comparative effectiveness of solute and precipitates
on delaying recrystallization is not always clearly
established. Experimental investigations require deter-
mining the precipitation state to be able to compare
the driving force for recrystallization to the Zener
pinning force exerted by precipitates. There has been a
long-lasting debate about this topic in austenite, some
studies reporting either Zener pinning"® or solute
drag!'” as the dominant effect, or a contribution of
both effects.'**” The topic has been more scarcely
addressed in ferrite. Using a theoretical approach,
Hutchinson ez al.*! concluded that under most cases,
Nb atoms in solution are more effective in ferrite,
whereas NbC precipitates are usually more effective in
austenite. The second question deals with the compar-
ative effectiveness of the different microalloying ele-
ments (Ti, Nb, and Mo) on retarding recrystallization.
This question requires addressing the effect of microal-
loying elements on carbonitride precipitation on the
one hand, and their separate solute drag effect on the
other hand. Previous studies regarding austenite recrys-
tallization showed that Nb has the strongest solute
drag effect followed bP, Mo, and that Ti and V have the
smallest solute effect.!!*20-22

In order to bring some clarifications regarding these
effects in the case of ferrite recrystallization, we inves-
tigate both precipitation and ferrite recrystallization
depending on the heating rate during annealing of
various cold-rolled dual-phase steel grades.

II. MATERIALS AND EXPERIMENTAL
PROCEDURE

Five steel grades have been studied (Table I). The
nominal chemical compositions were defined in order to
investigate the effect of a change of microalloying
element content for a similar cold-rolled microstructure.

Cold-rolled sheets were obtained by hot rolling of
laboratory ingots followed by 50 pct cold-rolled reduc-
tion. Cold-rolled specimens with a thickness of 1.25 mm
were annealed using heating rates of either 1 or 10 K/s.
Continuous heating was performed using either an
annealing simulator or a DT 1000 thermal simulator
and interrupted at different temperatures by water
quenching and helium blowing respectively. In both
cases, the cooling rate was larger than 300 K/s so that all
the austenite transformed into martensite during cool-
ing. The annealing simulator furnace was used to anneal
samples for gravimetric analysis of electrolytic extrac-
tion residues on 10 cm? areas to obtain the amount of
precipitated Nb, Ti, and Mo. Smaller samples (length of
12 mm and section of 3 x 1.25 mm?) dedicated to field
electron gun scanning electron microscopy (FEG-SEM)
and transmission electron microscopy (TEM) analysis
were annealed using DT 1000 thermal simulator.

Microstructures of annealed samples were observed
by FEG-SEM JEOL® JSM-7800F at a quarter of the
sheet thickness in the RD-ND plane (Rolling Direc-
tion-Normal Direction to the sheet surface). Samples
were prepared by standard metallographic techniques
followed by Dino etching (140 ml of distilled water, 100
ml of H,0», 4 g of oxalic acid, 2 ml of H,SOy,, and 1.5 ml
of HF). Phase fractions were determined by manual
phase identification and image analysis of FEG-SEM
images. Dino etching makes non-recrystallized ferrite
grains to appear as elongated with surface irregularities
while recrystallized ferrite grains appear as polygonal
with a smooth surface. Dino etching also allows the
identification of martensite thanks to the stronger
etching of this phase compared to ferrite together with
its typical serrated aspect.

Table I. Nominal Chemical Composition of the Five Grades Under Investigation

Weight Percent C Mn Cr + Si Nb Ti Mo N B

Steel A (Ref) 0.075 2.5 0.6 0.028 0.027 — 0.004 0.002
Steel B (Ref + Nb) 0.075 2.5 0.6 0.047 0.026 — 0.004 0.002
Steel C (Ref + Ti) 0.075 2.5 0.6 0.027 0.040 — 0.004 0.002
Steel D (Ref + Nb+ Ti) 0.075 2.5 0.6 0.044 0.040 — 0.004 0.002
Steel E (Ref + Mo) 0.075 2.5 0.6 0.025 0.029 0.090 0.005 0.002
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Precipitation state was characterized using scanning
transmission electron microscopy (STEM)-Bright Field
(BF) analysis on electro-thinned foils. These were
performed on Jeol® JEM 2100F at 200 kV. Image
analysis of STEM-BF images combined with local
thickness measurements carried out through electron
energy-loss spectroscopy (EELS) log-ratio technique
allowed to quantify the mean size and density of
precipitates. Carbon extraction replicas were used to
study the chemical composition of precipitates by energy
dispersive X-ray spectrometry (EDS).

1. RESULTS

A. Initial Microstructure

The microstructure obtained in the cold-rolled state
before annealing consists of martensite islands embed-
ded in a ferrite matrix (Figure 1(a)). Phase fractions at
this stage are similar for the five investigated grades with
70 pct £ 5 pet ferrite and 30 pct + 5 pct martensite.
Coarse TiN and (Ti,Nb)(C,N) precipitates formed

during hot-rolling can be observed at this stage (arrows
in Figures 1(a) through (c)).

Fractions of precipitated Ti, Nb, and Mo in the
cold-rolled sheets were determined (Figure 2). At this
stage, only a small Mo fraction (25 mass ppm) has
precipitated in Ref + Mo grade. About 25 pct of the
nominal Nb content has already precipitated as
(Ti,Nb)(C,N) in the cold-rolled sheet for all grades
(Figure 2(a)). The strong affinity of titanium and nitro-
gen leads to extended precipitation of TiN particles, so
that the precipitated titanium fraction in the hot-rolled
sheet is mainly determined by the nitrogen content. For
the studied grades, the nitrogen content is similar (40 or
50 mass ppm). It can thus be assumed that the amount
of titanium which precipitated as TiN is similar for all
the grades due to similar nitrogen contents, and that the
amount of titanium which precipitated as (Ti,Nb)(C,N)
increases with increasing the nominal content of tita-
nium (Figure 2(b)). The important result for this study
is that the trends defined for the nominal compositions
are well preserved: the fraction of Nb which is still
available in solid solution in the cold-rolled sheet is
higher in Ref + Nb steel compared to the reference
steel, and so on for the other grades (Figure 2).

Nb

Fig. 1-—(a) Ferrite(F)-martensite(a’) cold-rolled microstructure (FEG-SEM, reference grade). Arrows indicate (Ti,Nb)(C,N) precipitates (b)
EDS-spectrum of a coarse (Ti,Nb)(C,N) precipitate (carbon replica) and (c) the corresponding STEM-BF image.
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Fig. 2—Mass fractions of microalloying elements (¢) Nb and (b) Ti precipitated as coarse TiN and (Ti,Nb)(C,N) in the cold-rolled sheets and

still available in solid solution in the cold-rolled sheets.
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Fig. 3—Illustration of microstructural changes during heating at 1 K/s at («) 983 K (710 °C) (b) 1023 K (750 °C) and at 10 K/s at (¢) 983 K
(710 °C) (d) 1023 K (750 °C) for Ref + Ti steel (FEG-SEM). Rectangles, ellipses, and arrows respectively indicate recrystallized ferrite,
non-recrystallized ferrite, and austenite islands.
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Fig. 4—Kinetics of recrystallization during continuous heating at 1 K/s (solid lines) and 10 K/s (dashed lines) for the five steel grades
(recrystallization fraction is the ratio of recrystallized ferrite to total ferrite).
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Fig. 5—Characterization of nano-scaled precipitates in Ref and Ref + Mo grades after heating at 1 K/s at 1023 K (750 °C): («) observation of
precipitates in recrystallized ferrite (STEM-BF, thin foil), (b) distribution of precipitates radii, (¢) EDS-spectra of nano-scaled carbonitride

precipitates (carbon replica).

B. Recrystallization Kinetics During Heating

Tempering of martensite islands occurs rapidly during
heating from room temperature to 923 K (650 °C) and
leads to the formation of cementite particles in prior
martensite. Nucleation of recrystallization occurs in
prior martensite islands or in their vicinity (dotted
rectangles in Figures 3(a) and (c)) for the two heating
rates. Micrographs after heating at 983 K (710 °C)
(Figures 3(a) and (c)) show a major influence of heating
rate on recrystallization: while recrystallization has
already well progressed in the case of the low heating
rate (Figure 3(a)), only a few recrystallized ferrite nuclei
can be distinguished in the case of the high heating
rate (Figure 3(c)). This also results in a different
morphology of cementite particles (white dots in

METALLURGICAL AND MATERIALS TRANSACTIONS A

Figures 3(a) and (c)), which are much larger and
spheroidized in the case of slow heating. Nucleation
sites for austenite (arrows in Figure 3) are identical for
the two heating rates: regions with high cementite
density situated in former martensite islands, which
mostly correspond to recrystallized ferrite grain bound-
aries. However, both recrystallization of former marten-
site islands and cementite coarsening are not at the same
stage of progress for the two heating rates. This leads to
significantly different microstructures: large recrystal-
lized ferrite and austenite grains homogeneously dis-
tributed in the microstructure for the slow heating rate
(Figure 3(b)), small and dense recrystallized ferrite and
austenite grains, both localized in the former martensite
islands for the high heating rate (Figure 3(d)).
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Fig. 6—Evolution of the volume fraction of (Ti,Nb)(C,N) or (Ti,Nb,Mo)(C,N) precipitates formed during continuous heating of the five steel

grades at (a) 1 K/s, (b) 10 K/s.

Phase fractions were quantified by image analysis of
these micrographs for the five steel grades and the two
heating rates. Figure 4 represents the recrystallization
fraction, calculated as the ratio of recrystallized ferrite
to total ferrite. Recrystallization kinetics are strongly
shifted towards higher temperatures when increasing the
heating rate from 1 to 10 K/s for all the grades. The shift
in temperature is between 60 K and 80 K. For the
investigated chemical compositions and heating rates,
the delaying effect due to increasing the heating rate
from 1 to 10 K/s is stronger than the effect of microal-
loying elements addition: an effect of microalloying
elements on delaying recrystallization can be seen in the
case of the low heating rate but is not visible in the case
of the high heating rate. Comparing recrystallization
kinetics of the five grades for the low heating rate shows
that recrystallization kinetics are shifted towards higher
temperatures when increasing microalloying element
content. The minimum shift in temperature is about
10 K and the maximum shift can reach 30 K. The
comparative effect of Ti addition and Nb addition can
be deduced by comparing results for Ref + Ti and
Ref + Nb grades, for which the additional content of
Ti or Nb compared to the reference grade is similar in
terms of atomic fraction. The results show that the shift
in temperature is larger when adding Nb than when
adding Ti, indicating that Nb addition has a stronger
delaying effect on recrystallization than Ti addition. Mo
also has a strong influence on recrystallization kinetics,
but its effect cannot be directly compared to Nb or Ti
since Mo nominal content in the Ref + Mo steel is very
high (900 mass ppm).

C. Precipitation Kinetics

STEM-BF observations on thin foils (Figure 5(a))
reveal the presence of fine carbonitride precipitation.
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Figure 5(b) represents the distribution of precipitate
radii obtained by image analysis and assuming spherical
precipitates in Ref and Ref + Mo steels after heating at
1 K/s at 1023 K (750 °C). The presented distributions
result from the analysis of around 500 precipitates
located in various grains of a thin foil, corresponding to
a minimum observed surface of 0.5 um?. At this stage,
the measured precipitate radii are in the range 0.3 to
4.5 nm. An example of EDS-spectra of such precipitates
obtained on carbon extraction replica is shown in
Figure 5(c) and confirms that they contain Nb and Ti
in Ref grade, and Nb, Ti, and Mo in Ref + Mo grade.
Reliable quantitative data regarding the chemical com-
position of these precipitates are however difficult to
obtain using EDS analysis due to their small size.

The atomic fractions of precipitated Ti, Nb, and Mo
obtained by matrix chemical dissolution were measured
at different temperatures after heating at 1 or 10 K/s.
The corresponding volume fraction of nano-scaled
(Ti,Nb,Mo)(C,N) precipitates is calculated by adding
the contribution of precipitated Ti, Nb, and Mo
(assuming a molar volume of 12,83 cm’/mol for
(Ti,Nb,Mo)(C,N)) and subtracting the contribution of
precipitates already present in the initial cold-rolled
stage (Figure 2). Results are represented in Figure 6.

Comparing the results obtained for the different
grades first indicates that an addition of both Ti and
Nb results in a higher volume fraction of (Ti,Nb)(C,N)
precipitates (Figure 6, filled circles). Adding Ti alone
has a similar effect (squares) but adding Nb alone does
not increase the precipitate volume fraction (diamonds)
until 1103 K (830 °C), indicating a different role of Ti
and Nb for their co-precipitation as (Ti,Nb)(C,N). Mo
addition also leads to a higher precipitate volume
fraction (Figure 6, empty circles). For a given temper-
ature, the volume fraction of precipitates is slightly
lower when heating at 10 K/s than at 1 K/s.

METALLURGICAL AND MATERIALS TRANSACTIONS A



IV. DISCUSSION

A. Effect of Heating Rate and Microalloying Elements
on Recrystallization

The experimental study revealed a shift of the
recrystallization kinetics towards higher temperatures
when increasing the heating rate. This shift is certainl?/
due to thermal effects, as reported in the literature®:
recrystallization progress is favored during slow heating
because recrystallization is a thermally activated phe-
nomenon and the time spent at each temperature
increases with decreasing heating rate.

The experimental results indicate that increasing Ti,
Nb, or Mo content delays the recrystallization kinetics
when heating at 1 K/s. The shift in temperature
obtained in case of increasing microalloying content is
however not very large (30 K at most). The reason for
this is probably that the reference steel grade Ref
already contains some Ti and Nb. Investigating other
steel grades without Ti and/or Nb would however be not
particularly useful as far as the initial cold-rolled
microstructure would inevitably be different.

Experimental results also showed that Nb addition is
more efficient than Ti addition to delay recrystallization.
When comparing the precipitation state and the recrys-
tallization kinetics in Ref, Ref + Ti and Ref + Nb
grades heated up at 1 K/s (see Figures 4 and 6(a)), it
appears that the precipitation state in Ref and Ref +
Nb is similar: sizes were estimated at 2.8 + 0.2 nm in
diameter for both grades at 1023 K (750 °C) for a
heating rate of 1 K/s and volume fractions (see
Figure 6(a)) are similar at least up to 1063 K

(790 °C)). However, recrystallization kinetics of Ref +
Nb is delayed as compared to the Ref grade. This
emphasizes that the major contribution in Ref + Nb
grade for delaying recrystallization is due to Nb solute
drag. Moreover, Ref + Ti has a higher volume fraction
of precipitates [with a mean diameter of 3.0 4+ 0.2 nm at
1023 K (750 °C)], whereas its recrystallization kinetics
curve is only slightly shifted towards higher tempera-
tures, as compared to the Ref grade. This suggests that
precipitation effectiveness is lower than solute drag
effect. This requires a deeper investigation of the
comparative effectiveness of microalloying elements as
solute and as precipitates on the one hand, and the
comparative solute drag effect of the different microal-
loying elements (Ti, Nb, and Mo) on the other hand.

B. Modeling the Influence of Microalloying Elements
and Heating Rate on Recrystallization

1. Modeling description

A simple modeling approach has been carried out to
rationalize and clarify the influence of microalloying
elements and heating rate on ferrite recrystallization.
The influence of microalloying elements is introduced
into the recrystallization model either as solute atoms by
solute drag, acting on the mobility of the recrystalliza-
tion front or as precipitates by Zener pinning, reducing
the driving force for recrystallization. For such an
approach, the volume fraction (f,) and radius (R) of
(Ti,Nb)(C,N) precipitates are required as well as the
solute fraction remaining in solid solution (X, ; with
i = Nb, Ti, Mo). The separate fractions of precipitated
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Fig. 7—Modeling results for Ref grade at 1 K/s between 873 K and 1073 K (600 °C and 800 °C). (a) Input data of the model based on
interpolation of experimental data for the volume fraction of precipitates (fv), the solute fraction remaining in solid solution (X nb and X )
and the evolution of the mean diameter of precipitates as calculated by a Deschamps—Bréchet-like model as compared to the experimental
measurement at 1023 K (750 °C). (b) Recrystallized fraction calculated by the model and compared to experimental data points.

METALLURGICAL AND MATERIALS TRANSACTIONS A

VOLUME 49A, JULY 2018—2871



Ti, Nb, and Mo during heating were determined by
matrix chemical dissolution at 923 K, 973 K, 1023 K,
1063, and 1103 K (650 °C, 700 °C, 750 °C, 790 °C, and
830 °C). The resulting volume fraction of precipitates
was derived from these results (see Figure 6) together
with the solute fraction remaining in solid solution
calculated for each element as the difference between the
fraction which is still available in solid solution in the
cold-rolled sheet (see Figure 2) and the precipitated
fraction. For calculations over the temperature range
873 K to 1073 K (600 to 800 °C), interpolation of
experimental data was performed as illustrated in
Figure 7(a) for the Ref grade. Concerning the precipi-
tate mean radius, it was measured after heating at 1 K/s
at 1023 K (750 °C) by image analysis on TEM micro-
graphs (see Figure 5) for all grades and an estimation of
its evolution during heating was derived from a classical
precipitation model based on the Deschamps—Bréchet
approach.”*?* Evolution of the mean radius as com-
pared to the experimental point at 1023 K (750 °C) is
displayed in Figure 7(a).

The recrystallization model relies on the approach
developed by Zurob et alP based on John-
son—Mehl-Avrami-Kolgomorov ~ (JMAK) theory.
Recovery occurring at low temperatures, nor austenite
formation are included in the model. Assuming site
saturation, the expression of the extended recrystallized
volume fraction is given by (Eq. [1]).

3

t
4
mex (1) = NREX- 37 /MREX(Z)EREx(t)dt Y
0

where Nggy 1s the number of nucleation sites for
recrystallization per unit volume; Egpy is the driving
force for recrystallization, and M pry is the mobility of
the recrystallization front. The mobility is reduced by
the solute drag effect of microalloying elements which
is expressed using Eq. [2].

Mpure

Mgex (1) = m’ 2]
1 SS_1

with i = Nb, Ti, Mo.

M e is the intrinsic grain boundary mobility, which
is temperature dependent (Eq. [3]), and o, is a constant
representative of the amplitude of the solute drag effect
due to element i.

DYy, 0
M e = gb Fe . gb 3
pure Rng ji eXp Rng ) [ ]

ng and Qg are respectively the pre-exponential factor
and activation energy for grain boundary mobility; Vg,
is ferrite molar volume (7.11 cm?/mol) and 2 is the grain
boundary thickness (0.25 nm).

The driving force for recrystallization corresponds to
the stored energy of deformation reduced by the Zener
pinning effect due to precipitates (Eq. [4]).

ST

3 3N
E t) =E — V= == — = Veb 55 - 4
rEx (?) REX,0 ZngR 2,Ub P ZngR [4]

The stored energy of deformation Ergx o is expressed
as a function of the dislocation density p, the shear
modulus p, and the Biirgers vector b. 7y,, is the
interfacial energy of the grain boundary.

In order to take into account the initial bi-phased
cold-rolled microstructure, the modeled system is sepa-
rated into two sub-systems modeling the initial ferrite
and martensite phases. The initial martensite and ferrite
regions are assumed to differ in their dislocation density,
assumed to be higher in martensite. The behavior of the
global system is derived by a summation of each
sub-system weighted by the volume fraction of the
corresponding phase in the initial state (70 pct ferrite
and 30 pct martensite).

The values of the key parameters used in the model
(Table II) were defined to fit into the range of experi-
mental or modeling values given in the literature and
were then adjusted by comparison to the experimental
data. Modeling results for recrystallization of Ref grade
at 1 K/s are represented in Figure 7(b). Such a model is
able to reproduce the effect of microalloying elements on
recrystallization observed experimentally.

Table II. Values of the Key Parameters Used in the Recrystallization Model

Values Reported in the Value Used in the

Parameter Symbol  Unit Literature Model
Dislocation Density 0 5.2 x 1010 Perrite = 5 x 10
Pmartensite — 1 x 1015
Grain Boundary Energy Vbe -2 0.521 1.0
0.7587
Number Density of Recrystallization Nucleation NRrEx 5 x 10420 2 x 101
Sites 1.5 x 10"
Prefactor for Grain Boundary Mobility ng 1.5 x 107429 0.01
Activation Energy for Grain Boundary Mobility (0N Jmol™"  148,0000% 210,000
253,000t
180,000
226,000
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Fig. 8—Modeled evolution of the recrystallized fraction during
heating at 1 K/s for the five investigated grades, with oy <tve <onb-
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2. Comparing solute drag of Nb, Ti, and Mo
and precipitate pinning effects

In order to go deeper into the understanding of the
separate effect of microalloying elements, the described
recrystallization model was applied to the five investi-
gated grades. Modeling results for heating at 1 K/s are
displayed in Figure 8.

Satisfying agreement with experimental results is
found for anp, = 6.5 x 10°, oo = 3 x 10°, and agy =
6 x 10%, showing that the order of effectiveness of
microalloying elements in retarding recrystallization by
solute drag is Nb > Mo > Ti. The strength of solute
drag effect is higher for solute Nb than for solute Mo
and Ti. This difference might be due to a disparity in
atomic radius or electronic structure between Fe and
solute atoms.

Figure 9 shows the separate contribution of Zener
pinning and solute drag on shifting recrystallization
towards higher temperatures for the four Ti and
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Fig. 9—Modeled contribution of solute drag and precipitate pinning for (a) Ref, (b) Ref + Nb, (¢) Ref + Ti, and (d) Ref + Nb + Ti grades.
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Fig. 11-—Modeled recrystallization kinetics for Ref grade during
heating at 1 and 10 K/s.

Nb-bearing grades, indicating that the predominant
effect delaying recrystallization is solute drag. The
overall delay in recrystallization in Ref and Ref + Nb
grades is almost only due to solute drag, whereas it is
due to a combination of solute drag and precipitate
pinning effects in Ref + Ti and Ref + Nb + Ti
grades. These results also show that the delay in
recrystallization kinetics between Ref and Ref + Nb +
Ti grades does not originate from a larger solute drag
effect in Ref + Nb + Ti grade, but from an increased
Zener pinning effect due to a modified precipitation state
coming from the additional Ti and Nb nominal content.
At this point, the global effect of microalloying
elements addition can be further understood by com-
paring the effect of precipitates on the recrystallization
driving force and the effect of solute elements on the
mobility of the recrystallization front in the different
grades (Figure 10). These modeling results show that
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ERrgx (Ref) ~ EREx(Ref + Nb) > EREx(RCf+ Tl)

> EREX (Ref + MO) > EREX (Ref + Nb + Tl)
[5]
and
MREx(Ref) ~ MREx(Ref+ Tl)
~ MREx(Ref + Nb + Tl)
> Mrgx (Ref + Nb) > Mrex (Ref + Mo).
[6]

Adding Nb alone significantly reduces the mobility
because of the high amount of Nb in solid solution and
the strong solute drag effect of Nb, while adding Ti
alone reduces the driving force because of the modified
precipitation state. The increased volume fraction of
precipitates due to Ti addition reduces the driving force.
The decrease in mobility due to Nb addition leads to a
stronger impeding effect on recrystallization than the
decrease in driving force due to Ti addition (Figure 10).
Adding both Ti and NbD results in an extended carboni-
tride precipitation and thus leads to a significant
reduction of the driving force but has little effect on
the mobility. Adding Mo reduces both the mobility and
the driving force due to a high amount of Mo in solid
solution together with an extended carbonitride precip-
itation during heating.

3. Effect of heating rate

The recrystallization model was applied for the 2
heating rates using the same parameters (Table II).
Modeling results (Figure 11) reproduce the shift of the
recrystallization mechanism towards higher tempera-
tures when increasing the heating rate and thus confirms
that it is due to thermal effects. However, the fit to
experimental results when increasing the heating rate is
not perfect. A reason for this might be that a lower
degree in recovery occurs for the high heating rate before

METALLURGICAL AND MATERIALS TRANSACTIONS A



recrystallization starts, leading to a higher dislocation
density and then to a higher driving force for further
recrystallization. As a consequence, the model underes-
timates the recrystallization kinetics at 10 K/s.

V. SUMMARY

The present work investigates the effects of heating
rate and microalloying elements Ti, Nb, and Mo on
ferrite recrystallization during annealing of Dual-Phase
steels. Experimental study of different steel grades
having the same ferrite-martensite cold-rolled
microstructure revealed that ferrite recrystallization is
shifted towards higher temperatures when increasing the
heating rate or microalloying element content. For the
investigated chemical compositions and heating rates,
the delay in recrystallization due to increasing the
heating rate from 1 to 10 K/s is stronger than the effect
of microalloying elements addition.

Coupling the experimental results with modeling
allows clarification regarding the effect of microalloying
elements on recrystallization. Using reasonable values
for the key parameters, our model shows that, in the
present case, a large contribution in recrystallization is
due to solute drag, in particular in Nb-bearing grades,
and that the different elements do not have the same
solute drag retardation effect: Nb has the highest solute
drag effect, followed by Mo and finally Ti.
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