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This work presents an austenite decomposition model, based on the thermodynamics of the system
and diffusion-controlled nucleation theory, to predict the evolution of microstructure during hot
working of niobium-microalloyed steels. The differences in microstructural development of hot-
deformed microalloyed stedl in the single-phase austenite and two-phase (austenite + ferrite) regions
have been effectively described using an integrated computer modeling process. The complete model
presented here takes into account the kinetics of recrystallization, recrystallized austenite grain size,
precipitation, phase transformation, and the resulting ferrite structure. After considering existing
austenite decomposition models, we decided that the method adopted in the present work relies on
isothermal transformation kinetics and the principle-of-additivity rule. The thermomechanical part of
the modeling process was carried out using the finite-element method. Experimental results at different
temperatures, strain rates, and strain levels were obtained using a Gleebl e thermomechanical simulator.
A comparison of results of the model with experiments shows good agreement.

. INTRODUCTION

Hot working of low-carbon steels is generally carried
out over a wide range of conditions in which the deforma-
tion-temperature range of the single-phase austeniteis stable.
However, it is well established that a new and attractive
combination of properties can be obtained when the fina
product has a structure that comes from deformation per-
formed in the two-phase (austenite + ferrite) region. In
steelshot worked in the two-phaseregion, theinhomogeneity
of the microstructure and the resulting variationsin mechani-
cal behavior constitute major difficulties. It is well known
that the most effective and powerful tool to control such
complicated deformation conditions is computer modeling.
One of the most basic elements of the thermomechanical
treatment of microalloyed steels is the transformation from
deformed, unrecrystallized austenite.lY Such austenite con-
tains an enhanced number of ferrite nucleation sites; i.e.,
dislocations, deformation bands, and deformation twins. The
increase in nucleation density leads to significant ferrite
grain refinement. Usualy, the ferrite nucleation process
starts on the austenite grain-boundary sites. When ferrite
nucleation sites change from grain boundaries to intragranu-
lar sites during accelerated cooling, for example, the
resulting microstructure beginsto berefined, but isalso more
inhomogeneous. To analyze such a complex transformation
behavior, a versatile model of the transformation kinetics
is needed.

The modeling of austenite decomposition under the pre-
viously mentioned conditions has been discussed in several
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recent publications.2~19 In the present work, the austenite
decomposition is described based on the assumption that
nucleation of transformed ferriteis a probabilistic phenome-
non and occurs mostly on the surface of grain boundaries.
Becausethe steel investigated isamicroalloyed grade, atten-
tion was mostly focused on the austenite-to-ferrite transfor-
mation. Assuming that for low-carbon steelsthe ferrite phase
is the major element of the final structure, the formation of
pearlite was not studied in this model.

In general, a proper v/« transformation model should be
constructed in terms of three basic parameters: the transfor-
mation start temperature (Tg), the kinetics of austenite decom-
position (dX/dt), and the latent heat generated during
transformation (Q). Therefore, these parameters should be
contained in the complete model. Because of the difficulties
in determining the isothermal data for low-carbon microal-
loyed steels that have very short transformation times, the
value of awell-verified computer model cannot be overem-
phasized, especially as the model is applied to intercritical
or warm-rolling processes.

Il. STATE-OF-THE-ART OF AUSTENITE
DECOMPOSITION MODELING

A. Comparison of Austenite-Ferrite Transformation
Models Employed in the Analysis of Microalloyed Steels

Although the first mathematical model of phase transfor-
mation during continuous cooling was presented by Kir-
kaldy™® almost 30 years ago, only recently has modeling
of the phase transformation process become the target of
extensive research. It is possible to distinguish at least five
very specific approaches that are used in the modeling of
austenite decomposition. Most of them are based on a com-
mon Avrami—Johnson—Mehl equation.

Suehiro et al.[*¥ proposed the first of the transformation
models based on general metallurgical theories with a num-
ber of empirical parameters. They eliminated the time term
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in the Avrami equation after differentiation, based on the
assumption of the additivity rule of the transformation prod-
uct at various temperatures. Taking into account that the
transformation progresses at a later stage according to the
site-saturation condition, they formulated separate equations
for nucleation and growth and for site saturation. The solu-
tions proposed here for model calibration require extensive
experimentation. However, the attractive feature of this
model is that it can be used without constructing time-tem-
perature-transformation diagrams, which require enormous
timeand labor and arevery difficult to obtain for Nb-microal-
loyed steels. This model was also analyzed in several other
articles (Senuma et al %! and Torizuka et al.[7).

In the second model, proposed by Yoshie et al.,[® the
ferrite transformation was formulated for grain-boundary
ferrite and intragranular ferrite separately. The nucleation
rates of each of the aforementioned were described as a
function of the concentration of microalloying elements (Nb,
V, and Ti) in solution, temperature, and average dislocation
density. They assumed that the average dislocation density
represents the effect of all the lattice defects after deforma-
tion in the nonrecrystallization-temperature region. Further,
using the average dislocation density, they described the
austenite-to-ferrite transformation kinetics.

The next model was proposed by Choquet et al.l”! This
is clearly an empirical model. From consideration of the
shape of the experimental kinetics curvesin continuous cool-
ing conditions, an equation for the transformation rate
was derived.

More recently, Boyadijiev et al.l'**3 and Umemoto et
al.[*3%4 proposed a model for predicting the phase transfor-
mation during cooling from work-hardened austenite. They
used the principles of physical metallurgy and basic transfor-
mation kinetics equations, assuming (similar to Suehiro)
that continuous cooling is the sum of short-time isothermal
holdings at successive temperatures. This model seems to
have a well-formulated theoretical background. Unfortu-
nately, because of the number of experimentally obtained
parameters, this model’s calibration process also is very
cumbersome in the case of Nb-microalloyed steels.

Finaly, the approach for considering austenite structure
proposed originally by Umemoto!*® should be mentioned.
The author developed a simple equation for isothermal trans-
formation kinetics that also justifies the extension of Scheil’s
additivity rule to the whole transformation range. The most
important effect on microstructure development in the steel
has the effect of aniobium addition; therefore, thisproblemis
discussedin detail in the next two sectionsof the present work.

B. Transformation Start Temperature

It is widely recognized that hot deformation of austenite
in the absence of concurrent recrystallization strongly influ-
ences the austenite-to-ferrite phase-transformation kinetics
during cooling. It can be contended that thermomechanical
processing accelerates the onset of y/a transformation
(raises Ty), but retards the progress of transformation. There-
fore, the first element in the characterization of microstruc-
ture development is the austenite-to-ferrite transformation
start temperature (Ty).

Severa ideas for calculating the transformation start tem-
perature were proposed in the literature. The most popular
in engineering practice is that suggested by Ouchi et al.,[*¢
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T, = 910 — 310C — 80Mn — 20Cu — 15Cr — 55Ni

— 80Mo + 0.35(t — 8)

where Ty is the transformation start temperature (in degrees
Celsius), and t is the plate thickness (in millimeters).

This equation makesit possible to calculate the y/« trans-
formation start temperature on the basis of chemical compo-
sition and plate thickness. However, it should be mentioned
that Eq. [1] is applicable beyond a 50 pct reduction in the
unrecrystallized austenite region when T tends to plateau.
Although thisformulaisoften applied, theresultsobtainedin
thisway arerelatively scattered. A more complex correlation
between transformation start temperature and process param-
eters was proposed by Piette and Perdrix.[*]

T, = A= B(1 + f(Nb)g(e)h(D,)CP* (2]

where A and B are constants depending on chemical compo-
sition, C; is the cooling rate, D, is the austenite grain size,
and g, is the retained strain (in unrecrystallized austenite).

Inthis case, the particular hot-working condition has been
taken into consideration. The only question is, what are the
meanings of the functions f, g, and h? Nevertheless, the
influence of the most-important elements necessary for the
start of the transformation process is reflected.

In the present work, we suggest that the transformation
start temperature can be calculated reasonably well
according to the following formula:8

0042D, + 7.8)
@il +eys)

where Aisaconstant that depends only on the steel chemical
composition (in the present work, A = 830), C, is cooling
rate, D, is the austenite grain size, and &, is the retained
strain (in unrecrystallized austenite).

A literature database!'61%20-23 and our own isothermal
experiments?*?! were used to determine the parameters in
Eq. [3]. There are several waysto explain what roles particu-
lar elements play in Eq. [3]. The purpose of increasing the
cooling rate and/or the austenite grain size is to lower the
transformation temperature.”? An increased cooling rate
decreases the amount of proeutectoid ferrite that can form
during transformation and, as a consequence, the time of
transformation isreduced. The austenite grain size also plays
an important role. As Lee et al.[’Y concluded, the phase
transformation of coarse-grained austenite was susceptible
to cooling rate. Retained strain, on the other hand, tends to
increase transformation rates and temperatures. However,
this effect is strongly decreased for the higher cooling rates
and finer austenite grain size. Niobium in solid solution
lowers Ty in undeformed austenite, but raises it in the
deformed condition. Precipitated niobium, on the other hand,
accelerates the onset of the y/a transformation (raises Ty),
but retards the progress of transformation. The influence of
chemical composition on the transformation start tempera-
ture was, therefore included in constant A in Eqg. [3]. How-
ever, as concluded el sewhere,[*517 at low strain, the decrease
of T describes the hardenability properties of niobium in
solution in austenite, which vanish at high strains.

(1

T.= A — 19C%%! — 0.5 exp (

1. AUSTENITE-TO-FERRITE
TRANSFORMATION MODEL

After considering the analyses of existing models of aus-
tenite decomposition presented previously, we decided that
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the method adopted in the present work would rely on iso-
thermal transformation kinetics and the principle-of-additiv-
ity rule. It can be expected that if finite-element-method
calculations are used, this model will give reasonably good
results and, at the same time, will take into account all
necessary thermodynamics requirements.

The model of austenite—ferrite transformation kinetics
is based, in general, on a common Avrami—Johnson—Mehl
equation. As previously mentioned, originally Umemoto et
al.1627 proposed modification of the Avrami—Johnson—
Mehl equation by including the effect of austenite grains
size (Eqg. [4]). The authors stated that when pearlite or ferrite
forms from austenite by isothermal holding below the T
temperature, these nuclei form preferentialy at the prior-
austenite grain boundary. However, thisassumption is gener-
ally correct for continuous cooling conditions in lower
ranges of cooling rates and for a refined austenite structure.
Because such conditions meet most of the modern thermo-
mechanical processes, this assumption was also considered
in the present work. Umemoto et al.[?®l proposed the follow-
ing rate for ferrite and pearlite transformation, considering
the kinetic laws derived by Cahn and Hagel®® and taking
into account the effect of austenite grain size:

DITI

Y

X=1—exp(—b t”) [4)

where X is the transformed fraction; t is an isothermal hold-
ing time; D, is the austenite grain size; b is the nucleation-
and-growth rates constant, which depends only on transfor-
mation temperature; n isthe parameter related to the geome-
try of the growing phase and the conditions of nucleation;
and mis an constant.

In the present model, the y-« transformation kinetics
during continuous cooling had been derived from theisother-
mal conditions and by employing the additivity rule. How-
ever, the transformed fractions become precisely additive
when one of the following conditions is satisfied: (1) the
ratio of the nucleation rate and growth rate is invariant with
temperature (isokinetic reaction), (2) al the nuclei have
been nucleated early in the reaction and the progress of
transformation is controlled only by their growth, and/or (3)
the progress of transformation is controlled only by the
nucleation of a new phase.

To determine the kinetic parameters n and b, the Avrami
equation can be written as follows:

In(ln(l_1x>)=nlnt+lnb [5]

Using the previous equation, from a plot of In (In (1/(1 —
X)) against In t, the slope of the line gives the values of n
and In b (Campbell et al.®Y4). A similar procedure can be
used to estimate the value of the m parameter:

nlogt=mlog D, + Iog(ln(lix»— logb [6]

Thus, when n is not a function of austenite grain size, the
slope of the nlog t vs log D,, plot gives the value of m.[*3
In the present work, the values of parameters m and n are
close to 1.

Theb constant in Eq. [4] is, in general, akinetic parameter
that represents the combination of nucleation and growth
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rates. For steels with a low carbon content, the value of
parameter b can be calculated using either of the following
equations (Howbolt et al.*3 and Cambell et al.[31):

b=exp(—025x%x10°T?+ 031 T — 9355 [7]
b = exp (—0.0145 AT + 3.98 In AT
— 5.39 (pct C) — 16.5)

where AT is the undercooling below Ts.

The isothermal transformation kinetic is then employed
to predict contunuous-cooling transformation using Scheil’s
additivity rule, assuming that the instantaneous transforma-
tion rateisafunction only of the transformation temperature
and already-transformed fraction X (Christian(34).

ax _ H({)
dt  G(X)

where H(T) isafunction of the temperature only, and G(X)
is a function of the fraction transformed.

The principle of additivity states that the transformation
processisaseriesof isothermal events. Theideaof analyzing
the transformation kinetics adopted here is similar to that
employed to predict the progress in austenite recrystalliza-
tion under continuous cooling conditions.538 Schei] (2934371
assumed that austenite consumes its fractional nucleation
time and, when the sum of such fractions equal unity, the
transformation starts:

(8]

(9]

t—tn T t

dt _ (dt dT dt
JorM 4 dT (M) ) (M

where T, and T are the cooling start and finish temperatures,
respectively; 7(T) is the incubation time; t is the time; and
to(T) is the isothermal time to reach Xj,.

The concept of additivity was also proposed to hold the
incubation stage of a transformation. The incubation time
can be derived from the experimental data using the growth

equation (Zener(38l)
Q
()

AT

where A and u are regression parameters.

However, as several works®3% concluded, it is difficult
to obtain isothermal data for low-carbon steels because their
incubation times are very short. Thus, in the present model,
it is assumed that for the microalloyed steels, the austenite-
ferrite decomposition starts immediately after achieving the
transformation start temperature. Hence, extending Scheil’s
additivity rule (Eq. [10]) to the entire range of transformation
(Tamura??), the incubation time (7(T)) is replaced with the
time required for the reaction to reach a certain fractional
completion (X) by isothermal holding at temperature (T).

The validity of the Scheil additivity rule for predicting
the completion of the transformation event was examined
in several works.[3%3233 The authors concluded that only
the transformation event could be described successfully by
the Scheil equation. Thus, inclusion of the incubation period
in the calculation leads to significant overestimation of con-
tinuous-cooling transformation kinetics. In spite of many
criteriamentioned here and discussed widely elsewhere, the

1 [10]

(T)=A [11]
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Fig. 1—Comparison of experimentally obtained and calculated (Eq. [17]) flow stress for various deformation conditions and niobium contents.
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application of the additivity rule can be very useful. Hence,
application of the idea proposed by Umemoto et al. and in

1512—VOLUME 33A, MAY 2002

later extensive works for the austenite-ferrite transformation
during nonisothermal treatment, can be successfully em-
ployed in the modeling process.

Analysis of Heat Effect

Any successful application of the approach presented pre-
viously would require employing amodel of heat generation
during phase transformation. The present model was formu-
lated for the case when heat transfer depends on different
cooling conditions and the initial temperature distribution
in the analyzed body is not uniform. Such an established
model makesit possibleto calculate and analyze all eventual
differencesin temperature distribution that can occur in hot-
deformed material. The latent heat of the austenite-ferrite
phase transformation varies, however, with temperature,
because of the dependence of the specific heat on the particu-
lar phases. The enthalpy change for the austenite-ferrite
transformation can be determined by integration of thediffer-
ence of the austenite and ferrite heat capacities (Campbell
et al.[%):

Ti

AH = AH + [ (6o — 6T [12]
T

where AH; and AH, are enthalpy differences of ferrite and
austenite at temperatures T, and T, respectively; and ¢, ,
and c,, are the heat capacities of ferrite and austenite,
respectively.

Employing linear or polynomial equationsfor the depend-
ence of the enthal py difference on temperature, Eq. [12] can
be solved over a temperature range applicable to ferrite
formation. Since the heat capacities of both ferrite and aus-
tenite do not depend on the carbon content,“? in the present
model, the following linear equation was employed to fit
the published experimental data:[304

AH, =282 — 03T [13]

However, the enthalpy change for the ferrite transformation
rises sharply between 740 °C and 780 °C, resulting from the
ferromagnetic transition at 770 °C.

Thus, the total latent heat generated during the austenite-
ferrite transformation can be calculated as a sum of heats
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generated during atime step (At) of austenite decomposition,
as follows:

AX

AL [14]

Q = pAH;

where p is the density.

[V. FINITE-ELEMENT MODEL OF THE
DEFORMATION AND HEAT TRANSFER

Plastometric tests, including the compression test, involve
inhomogeneity of deformation. Therefore, an interpretation
of the results of those tests presents some difficulties, which
can be avoided when simulation of the testsis incorporated.
The problem of inhomogeneity of microstructural develop-
ment in hot-formed products is still not well understood.
Thismay strongly affect amaterial’s damage behavior. Mon-
itoring the impact of the austenite-ferrite transformation
process on the microstructural development and resulting
mechanical properties under industrial conditionsisdifficult
and expensive. The austenite decomposition model pre-
sented in this work could help to control the production
processes in both off-line and on-line systems.

Fig. 4—Example of T calculation; austenite grain size Dy = 80 um.
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The finite-element model is composed here of two parts.
The first is the mechanical component, based on the rigid-
plastic flow formulation, which computes the stresses,*
strains, and strain rates during the deformation processes.
This component is then coupled to a model of heat transfer
during the experiment, based on the solution of a general
convective diffusion equation.

The authors in References 42, 43 and 44 give a detailed
description of the finite-element-method implementation
where it is applied to the compression processes. Further
application to the rolling is discussed in References 45 and
46. The af orementioned methods describe the flow stressin
a material assuming the coexistence of the two phases—
austenite and ferrite.

For the niobium-microalloyed steel, the flow stress can
be described on a macroscopic scale as a function of the
effective strain, effective strain rate, temperature, and carbon
content. The flow stress for hot-forming processes has been
extensively discussed in the literature. In the present work,
for deformation temperatures below RST (recrystallization
stop temperature), the modified equation originally sug-
gested by Shidais employed.[*d The original equation does
not require description of the coefficients; the only variable
that represents the deformed material is the carbon-content
equivalent. Thisequation, on the other hand, does not include
effects of dynamic recrystalization, but it describes more
accurately behavior of the material in a two-phase region.

Shida's equation, after modification for the niobium-
treated microalloyed steels, can be described as follows:

o= off (2) £ (ApctND) £ A)  [17]

where ¢ is the strain rate (pct Nb) is the niobium content

A, =33 A;=1958; A, = —708
= 30(Cqy + 0.9)( tr — 095(:°3‘*+—0'49 2
47 e T RIN T O e + 042
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Fig. 5—Effect of the austenite structure at various cooling rates and retained strains on the austenite-ferrite transformation start temperature.
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Fig. 6—(a) and (b) Optical microstructures obtained under various deformation conditionsin the second stage of compression: Tp,/strain/strain rate/cooling rate.

_ T + 273
T 1000
In the case of deformation in the two-phase region,
T, + 273
< W [19]
Ceq + 0.32 0.01
o = 028qexp <0.19(ceq +041) Cuq+ 0.05) [20]
m = (0.081 Csq — 0.154)ty — 0.019 C + 0.207 [21]
0.027
Ceq + 0.32

The other parameters are defined as:
f=1305¢&)"— 15¢; [22]

Where g; is the natural strain, C, is the carbon equivalent,
and n = 041 — 0.07 Cy.

In formulating the flow stress of niobium-microalloyed
steels at elevated temperatures, especially in the two-phase
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region, the question is which of the process parameters is
the most important factor in the formula. Taking into account
formula [3], which describes the beginning of the austenite
decomposition process, the basic parameters of the deforma-
tion and microstructural development processes can be
employed in Egs. [17] and [19].

The characteristic feature of the aforementioned approach
is the possibility of calculating the flow stress not only in
the austenite, but also in the austenite-ferrite two-phase
region. The comparison of calculated and measured flow
stresses is presented in Figure 1. Here, the experimental
results of previous works have been used as wel| .[18:242543)

V. THE EXPERIMENTAL ASSESSMENT OF
THE AUSTENITE-FERRITE
TRANSFORMATION MODELING

Results presented in this work were obtained in hot-com-
pression tests performed in austenite and austenite-ferrite
regionswith various deformation conditions, using aGleeble
1500/20 thermomechanical simulator. The effects of the
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Fig. 7—(a) through (f) Optical microstructures obtained under various deformation conditions in the second stage of compression: Tp,/strain/strain rate/
cooling rate.

deformation in the two-phase region are discussed in relation
to the microstructural development, austenite-to-ferrite
phase transformation, and final ferrite-pearlite structure of
niobium-treated microalloyed steel. The heating and defor-
mation conditions are shown schematically in Figure 2. Fig-
ure 3 presents examples of temperature vstime data collected
during tests. The chemical composition of the tested steel
is 0.09 C/1.55 Mn/0.31 Si/0.028 Nb/0.01 V. The procedure
for experiment preparation was as follows. First, chromel-
alumel thermocouples were capacitor-discharge welded at
the specimen’s midheight point on its outer-diameter surface
before testing. Specimens were held and heated between
tungsten carbide (WC) platens. The platenswere first coated
with athin film of molybdenum powder dissolved in water
for the purpose of lubrication. Next, a 0.003-in.-thick tanta-
lum sheet was placed between the specimen and a dynamic
vacuum was maintained throughout the testing. Controlled
cooling steps were accomplished by purging with helium in
the testing zone. All specimens were analyzed using optical
microscopy. In particular, the coupled effects of temperature,
strain, strain rate, and cooling rate on the resulting micro-
structure were analyzed.

VI. RESULTS AND DISCUSSION

A. Transformation Sart Temperature

The first element in characterization of microstructural
development, which can be affected by austenite hardening,
is the austenite-to-ferrite transformation start temperature
(Ty). In the present work, it was assumed that the ferrite
transformation startswhen the temperature dropsto the equi-
librium temperature (Tg). Thus, considering the effect of the
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stored energy in the unrecrystallized austenite, we stated
that the transformation start temperature depends mainly on
the cooling rate, austenite grain size, and retained strain.
Using all experimental data obtained, we propose that the
transformation start temperature can be reasonably well cal-
culated according to the previously presented Eq. [3]. The
examples of the calculations of the Ty temperature are pre-
sented in Figures 4 and 5.

B. Role of Niobium

The niobium addition is one of the most effective microal-
loying elementsin modern thermomechnically treated steels.
So, in the discussion about austenite decomposition, special
attention should be focused on this element. Precipitates of
carbides, nitrides, or carbonitrides in the austenite phase
inhibit recrystallization of the austenite. This leads directly
to ferrite refinement after transformation of unrecrystallized
austenite. The effect of steel chemical composition on the
transformation kinetics has obvious importance in relation
to both ferrite nucleation and growth. The role of niobium
preci pitates on austenite decomposition was estimated differ-
ently intheliterature. Precipitatesin austenite can accelerate
the v/« transformation because they act as potential nucle-
ation sites and raise the T, temperature. As Lee et al.l*’]
suggest, solute niobium strongly segregatesto the y/a phase
boundary and reduces ferrite growth kinetics because of
the solute drag effect and, thus, lowers the T, temperature.
However, the quantitative relationship between solute nio-
bium and the lowering of the Tg temperature are not in
agreement. Another consequence of precipitation in austen-
ite is that less niobium is left in solution, which decreases
theability of austenite to harden and promotesthe occurrence
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of the y/a transformation. On the other hand, when the
niobium isstill in solution during phase transformation, new
precipitates form on the y/« interfaces, which significantly
decrease the interface mobility and retard the progress of
transformation. In that case, the precipitation slows down
the transformation. Ouchi et al.[*® clearly show that a small
amount of niobium appreciably retards the ferrite nucleation
rate. Because the alloying amount of niobium is usually
small, niobium does not seem to alter the free-energy change
during transformation to a great extent. In addition, they
reported that the solute niobium exerts a large influence
on the ferrite-austenite phase boundary and that the solute
niobium on and near the grain boundary lowers the y grain-
boundary energy, thus lowering the nucleation rate of ferrite.
If such is the case, the nucleation rate will be rapidly
increased when the interfacial energy of the austenite grain
boundary is raised. This is because a decrease in solute
niobium is caused by the strain-induced precipitation.

The aforementioned issues concerning niobium in
microalloyed steels were included in the present model. In
consequence, a new quality of the modeling of the develop-
ment of microstructure was obtained, and a full, real-life
kinetics of the austenite-ferrite transformation is ac-
counted for.

C. Microstructural Development

Examples of microstructures obtained under various
deformation conditions are shown in Figure 6. Here, particu-
lar conditions of the experiment, i.e., the temperature Tp,,
strain, strain rate of the second stage of deformation, and
cooling rate (between the temperatures T and 600 °C) are
presented. It is clear, for both cooling rates presented here,
that increasing strain involves structure refinement (Figures
6(a) and (b)).

The influence of deformation temperature and strain on
the ferrite microstructure is shown in Figure 7. Significant
refinement can be observed in al cases of deformation tem-
perature, when the strain increases. Decreasing the deforma-
tion-stored energy (a higher deformation temperature
supports the restoration process) favors bainite formation
(Figures 7(d) through (f)). This effect is especialy pro-
nounced in the case of coarse austenite. After deformation
in the two-phase region, the inhomogeneity of the resultant
structure increases. Any successful application of the
approach mentioned previously would require employing a
model of heat generation during phase transformation. The
present model wasformulated for the case when heat transfer
depends on different cooling conditions and the initial tem-
perature distribution in the analyzed body is not uniform.
Such an established model makes it possible to calculate
and analyze all eventual differencesin temperature distribu-
tion that can occur in hot-deformed material. Therefore, the
latent heat of the austenite-to-ferrite phase transformation
varies with temperature because of the dependence of spe-
cific heat on the particular phases. In the present model, as
mentioned earlier, the y-« transformation kinetics during
continuous cooling were derived from the isothermal condi-
tions and by employing the additivity rule.

Figure 8 shows the flow curves of analyzed steel for
various finish deformation temperatures and strain rates
(refer to the experimental procedure shown in Figure 2). The
appearance of theseflow curvesistypical for deformationin
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Fig. 8—Flow curves obtained with different finish deformation tempera-
tures and strain rates: (a) Tp, = 650 °C and (b) Tp, = 850 °C.

the two-phase region. Increasing the strain rate involves an
increase in flow stress similar to the influence of decreasing
deformation temperature. However, the resulting fina
microstructure reflects different features. Thus, the changes
in the transformed microstructure are controlled by the cool-
ing rate. Analyses of the optical micrographs showed that
the influence of the cooling rate and amount of deformation
are similar to those obtained under typical conditions, i.e.,
when finish deformation occurs in the austenite phase (Fig-
ure 7). It is also observed that when the cooling rate
increases, the pearlite is replaced by an increased amount
of finely dispersed bainite. The niobium-microalloyed steels
exhibit avery strong tendency to bainite formation, in partic-
ular for the coarse austenite structure. Experimental and
modeling results showed that bainite formation recedes by
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Fig. 9—Example of caculations. Influence of the deformation and microstructure parameters on the fraction transformed: (a) austenite grain size, (b)
cooling rate, and (c) strain. (d) Cooling curve for various amounts of deformation.

an increase in deformation preceding phase transformation
under constant strain rate and temperature (Figure 7). The
exact evaluation of the contents of a particular phase, how-
ever, needs further work. In the case of lower cooling rates
(3 K s7%), conditions of the final microstructure are more
obvious and could be calculated reasonably accurately.
Examples of implementation of the austenite-ferrite transfor-
mation model are shown in Figure 9. The presented results
reflect al of the important characteristic behaviors. The
calculated cooling curve is presented in this figure. The
cooling curves shown in Figure 10 prove that the austenite
refinement accelerates the transformation kinetic. In addi-
tion, an increasing cooling rate increases progress of the
transformation kinetic.

Finally, using the analysis of the obtained microstructures,
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the comparison between calculated and measured trans-
formed fractions is presented in Figure 11 and shows that
the calculated results for the austenite decomposition model
arein correct agreement with the experiment. The next exam-
ple of calculations for the present experimental conditions
is presented in Figure 12.

The proposed model makesit possibleto takeinto account
the initial austenite microstructure, as well as the deforma-
tion conditions. As mentioned earlier, knowledge of the
transformed fraction enables us to calculate the distribution
of effective strain in particular phases. Figure 13 presents
examples of calculations for the compression process in the
two-phase region. Theinfluence of theinitial inhomogeneity
on the amount of the effective strain accumulated in the
specimens deformed at various temperatures is well
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Fig. 10—Example of calculations. Effects of the austenite grain size (a)
and cooling rate (b) on the cooling curves. CR = average cooling rate in
the range of temperature 650 + 55 °C.

reflected. Asaresult, the complete history of microstructural
development can be analyzed, even in such complex condi-
tions as a deformation in the two-phase region.

After deformation in the two-phase region, the inhomoge-
neity of the resultant structure increases. The source of such
inhomogeneity is the effective strain distribution (Figure
13). However, differences in descriptions of austenite
decomposition kinetics also play a significant role here.

VIil. SUMMARY AND CONCLUSIONS

The austenite decomposition model proposed makes it
possible to calculate microstructural phenomena as a part
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of the simulation of hot-working processes and to determine
final inhomogeneity dependent on the thermomechanical
materials history. Special attention was given to the descrip-
tion of the influence of finish deformation temperature and
strain rate on the austenite-to-ferrite transformation process.
A new idea for the phase transformation start temperature
isalso proposed. Existing models of austenite decomposition
kinetics were extensively reviewed. As a result, particular
components of the transformation model were determined.
The presented model effectively links the advanced finite-
element approach simulating metal flow and heat transfer
during hot plastic deformation with the submodels describ-
ing microstructural development and phase-transformation
mechanisms. Results of the computer simulations are com-
pared with those obtained experimentally. The axisymmetri-
cal compression-test experiments were used to evaluate the
effects of deformation in austenite and the two-phase region
on the microstructural development. Hence, the influence
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of the deformation conditions (temperature, strain rate, etc.)
on the phase transformation and final microstructure and
inhomogeneity were analyzed. It is concluded that the
changes in ferrite structure are the result of the deformation
conditions, i.e,, strain rate and amount of strain, as well as
cooling rate. Good correspondence between the experimen-
tal and simulated data confirmed correct construction of
the phase-transformation model and its effectivenessin hot-
working processes of Nb-microalloyed steels. The scope of
this work proved the possibilities of using computer model-
ing to design modern steels and processes. Finally, because
of the complexity of the problems mentioned, further study
in this area is necessary before significant progress can be
made.

The following main conclusions are drawn from the pres-
ent study.

1. It is possible to describe qualitatively the kinetics of
the austenite-to-ferrite transformation and the resulting
structure development in niobium-microalloyed steel.
Such a description represents a modern tool particularly
useful in the modification of existing or newly developing
technologies for thermomechanical warm- and hot-work-
ing processes, with emphasis on the properties of final
product optimization. The results obtained using the pro-
posed transformation model are especialy useful in an
exact analysis and description of microstructural devel op-
ment in the two-phase region.

2. Experimental and modeling results showed that bainite
formation recedes by an increase in deformation preced-
ing phase transformation under constant strain rate and
temperature.
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