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Abstract

The differences in microstructure development of hot deformed steels in the austenite and
two-phase region have been effectively described using an integrated computer modeling process.
In general, the complete model presented here takes into account kinetics of recrystallization,
precipitation, phase transformation, recrystallized austenite grain size, ferrite grain size, and the
resulting mechanical properties. The transformation submodel of niobiurn-microalloyed steels is
based on the nucleation and grain growth theory and additivity rule. The thermomechanical part of
the modeling process was effectively carried out using the finite element method. Results were
obtained in different temperatures, strain rates, and range of deformation. The therrnomechanical
treatments are different for two grades of niobium-steels to make possible analysis of the resulting
structure and properties for different histories of deformation and chemical composition.

1. Introduction

During typical hot metal forming processes, the reheating, roughing, finishing and cooling
influence the microstructure and finally the strengthening mechanisms in the final product. In
particular, hot rolling or forging processes are designed in such a way that the finishing occurs
above the austenite-ferrite phase transformation temperature. Therefore, modem developments in
hot rolling mill processing, such as production of multiphase steels or warm rolling, present many
very attractive benefits. However, the main problem that should be solved and better understood in
these modem technologies is the significant structural inhomogeneities. Understanding all process
phenomena, which control the level of inhomogeneity, requires extensive experimentation work.
Recently very powerful tools have come to exist that can accelerate the investigation process.
These tools are the computer simulation programs of the hot working processes. In the present
work we introduce an example of such a modeling process. The complete model consists of the
recrystallization, transformation, and strengthening submodels. The transformation model is based
on the nucleation and grain growth theory and additivity rule. The thermomechanical part of the
modeling process was effectively carried out using a finite element method. As empirical
verification, the hot compression axisymmetrical tests are performed on the two grades of
niobium-steels. Results obtained at different deformation temperatures (650+ 850°C) and strain



rates (10-3 + 2.5x103 S-l) confirmed the effectiveness of the proposed model for the design process
of hot metal forming processes,

2. Modeling of microstructure evolution, austenite to ferrite transformation, and mechanical
properties

Austenite microstructure development and the precipitation process are characterized by
welI-known equations proposed by Dutta and Sellars [1]. Generally, recrystallization kinetics is
modeled as a conventional Avrarni-type equation in which the start of static recrystallization is
described as a function of strain, temperature, as well as austenite grain size. Nucleation theory
and the volubility product of niobium, carbon and nitrogen in the auste~iite have been used to
derive equations for the start of Nb(C,N) precipitation. The interactions between static
recrystallization and precipitation kinetics determine the influence of the precipitation on the
retardation of recrystallization. The authors discuss the idea of the current model in [2,3].

The thermomechanical part of modeling, simulating the metal flow and heat transfer, is
based on the finite element approach described in detail in [2]. The model uses a rigid-plastic flow
formulation for the calculation of all mechanical events, including the determination of effective
strains, shear strains, strain rates, and stresses. Heat transfer during the deformation is calculated
by the non-steady state solution of the general diffusion equation.

The model of austenite–ferrite transformation kinetics is based, in general, on a common
Avrarni equation. Umemoto et al. [4] proposed modifying this equation by including the effect of
austenite grain size. They have also stated that when pearlite or ferrite forms from austenite by
isothermal holding below the Ar3 temperature, these nuclei form preferentially at the prior
austenite grain boundary. However, it should be mentioned that this assumption is generally
correct for continuous cooling conditions in lower ranges of cooling rates and for refined austenite
structure. Because conditions mentioned above meet most of the modem thermomechanical
processes, this assumption was also considered in the present work. The simulation of the
continuos cooling conditions is performed using the additivity rule.

The final mechanical properties are conditioned mostly by ferrite grain size. In this case,
the classical Hall-Petch relationship can be applied to the finite element method model and yields
good results in prediction of mechanical properties. When the last deformation occurs in the two-
phase or ferrite region, the strengthening mechanism becomes more complex. In the present study,
the strengthening components resulting from the interactions between forest dislocations and
mobile dislocations are separated, and all other contributions that are friction stress, Orowan stress
etc., are collected as a second major strengthening component. It has been pointed out elsewhere
[2] that a root of the sum of the squares summation (r.s.s) of the particular strengthening
components gives better results than when a linear summation is used. The exact description of the
employed model is presented elsewhere [2].

3. Experimental details

The objective of the experiments was to obtain data concerning the effects of the
thermomechanical histo~. The compression tests, which can be a very inhomogeneous process
when the die-specimen contact surface friction is high enough, were performed under various
strains and strain rate conditions with different finish deformation temperatures. The development
of the microstructure, as affected by the strain rate, strain, and temperature, was observed on the
ferrite, pearlite, and bainite phases, and hardness distribution, as well as the inhomogeneity of the
final structure.
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The test materials were a microalloyed niobium steels with high manganese content that gives a
relatively low transformation start temperature. The chemical compositions of these steels are

Table 1: Chemical composition (in wt %) of the steels.

Designation C Mn Si Al .Nb Ti V Cr Ni N
Nb-steel- 1 0.09 1.55 0.31 - 0.0280.007 0.01 0.05 0.06 0.0065
Nb-steel-2 0.067 1.30 0.34 0.037 0.076 0.024 0.005 0.025 - 0.0054
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Fig. 1 Schematic representation of the thermomechanical treatment: a) two-stage Gleeble-simulator tests;
Nb-steel- 1, b) one-stage compression test, Nb-steel-2. TR, T~l, T~z-reheating and first and second stage
temperatures, respectively.

shown in Table 1.
The uniaxial compression tests were carried out on a computerized Gleeble 1500/20-

thermomechanical simulator, MTS. testing machines, and split Hopkinson pressure bar equipped
with a high temperature furnace. The heating and deformation conditions are shown schematically
in Fig. 1. The uniaxial compression tests of Nb-steel-2 were performed in a range of strain rates
from 10-3 s-i to 2.5x103 S-l. Each experiment was performed in a range of temperatures
corresponding to the austenite, two-phase, and
ferrite regions. Samples deformed at required
temperatures were cooled with different
cooling rates. The thermomechanical history
for these experiments is shown in Fig. lb.
Particular description of the experimental
procedure for steel 2 has been presented
elsewhere [3]. In the case of experiments
performed using the Gleeble simulator, the
procedure was as follows. Chromel-Alumel
thermocouples were capacitor-discharge Fig. 2 Microstructure obtained in the axisymme-

welded at the specimen’s mid-height point on
trical compression test. Nb-steel- 1.

its outer diameter surface prior to testing. Specimens were held and heated between tungsten
carbide (WC) platens. The platens were first coated with a thin film of molybdenum powder
dissolved in water for the purpose of lubrication. Next, a 0.003-inch thick tantalum sheet was
placed between the specimen and a dynamic vacuum maintained throughout testing. Controlled
cooling steps were accomplished by purging with helium in the immediate vicinity of the
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specimen, To investigate the effects of deformation. conditions on the microstructure
inhomogeneit y resulting from the deformation in the two-phase region, the optical microstructure
were analyzed in a different localization on the cross section of the specimens (see Fig.2).

During the tests of Nb-steel- 1, first deformation was

:LT%7
applied at a temperature of 1060°C. Further, the
specimens were cooled to the temperature of second
stage. The hot deformation that involves dynamic
transformation of austenite to ferrite was followed

a
%

using isothermal compression. Tests were done at

~- 200
g
z

1oo- # —_... ..———.L-–—————

,

temfiratures (measured on the surface of the
specimen) 850, 750, and 650°C. Homogeneous
strains of 0.5 and 0.25 were employed in the second
stage for each deformation temperature. After
deformation the specimens were cooled to room
temperature using different cooling rates.

o ~1 The therrnomechanical treatments are
0.00 0.10 0.20 O.SO different for each steel to make possible analysis of

Strain the resulting structure and properties for different
Fig. 3 Effect of the strain rate on the flow histories of deformation. The examples of resulting
curves. Nb-steel-2. flow curves are presented in Figs. 3 and 4. In the

case of Nb-steel-2 (see Fi&3) the material deformed with low strain rate represents typical
behavior, but, what is significant, no influence of deformation temperature can be seen when the
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Fig. 4 Flow curves obtained on applying different strain rates at: a) 650”C and b) 850”C. Nb-steel-l.

very high strain rate is employed. The results obtained on the Gleeble simulator show the progress
in material softening, but as
Fig. 4). It is evident in Figs.
values, both for the austenite

4. Results and discussion

In the hot working

it was expected, in different levels for particular test conditions (see
4a and 4b that increases
and two-phase region.

of steels, especially

in strain rate shift the flow stress to higher

niobium-microalloyed steels, the initial
microstmctural inhomogeneity in the austenite region, which can be incorporated in the
mathematical model as an initial condition, will have a very significant influence on the
metallurgical state of the fkished product. These effects will also result in highly inhomogeneous
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fraction transformed effective strain in austenite

2.

1.

1.

0.

0.

Fig. 5. Example of calculations. Progress in ykt transformation
and distribution of effective strain in austenite phase. Specimens
deformed in the two-phase region. Nb-steel-2.

mechanical attributes. When the
deformation process takes
place, the additional inhomoge-
neous development of structure
occurs. It can be stated that the
problem of inhomogeneity of
microstructural development in
hot-formed products is still not
sufficiently investigated. This
lack of knowledge may strongly
affect materials damage
behavior. Monitoring the impact
of hot deformation conditions
on the microstructure develop-
ment, precipitation process, and
resulting defects (i.e., sub-
grains, dislocation structure, and
deformation bands) under
industrial conditions is difficult
and expensive. When the
mentioned mechanisms operate
at the same time (the case of
deformation in the two-phase
region), we can expect
especially very complex

behaviors; The example of calculations of the progress in austenite decomposition is shown in
Fig.5. In the case of deformation in the two-phase region the knowledge of the microstructure
development is the key factor. It can be observed in Fig.5 that the transformation kinetic directly
influences the mechanical behavior of deformed material.

After deformation in the two-phase region, the inhomogeneity of the resultant structure
increases. An example of rnicrostructures in different parts of the specimen (according to Fig.2) is
shown in Fig. 6. It can be noticed that existing differences are not only in the ferrite refinement,
but also in the amount of pearlite and bainite phases. The source of such inhomogeneity is first of
all the effective strain distribution (see Fig.5). However, differences in the kinetic of austenite
decomposition also play a significant role here. The first element in characterization of
microstructure development, which can be affected by austenite hardening, is the austenite-to-
ferrite transformation start temperature (Ar3). Considering the effect of the stored energy in the
unrecrystallized austenite, it can be concluded that the transformation start temperature depends
mainly on the cooling rate, austenite grain size, and retained strain. In the present work, we

Fig.6 Inhomogeneity in microstructure evolution after deformation at 650 “C. Strain/strain rate/CR= 0.25/
10/3. Location of microstructure as marked in Fig.2.
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propose that the transformation start temperature can be reasonably well calculated according to
the following formula

ArJ = A – 19CZ?0M1–0.5exp [;:::;;;l (3)

where: A – constant that depends only on the steel chemical composition (in present work A =
830), CR - cooling rate, Dy - austenite grain size, and G – retained strain (in unrecrystallized
austenite). ~

Using developed models
it was possible to
calculate the fraction
alreadv transformed at
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tion temperature and
finally the distribution
of mechanical properties
(see Fig. 7).

5. Conclusions

The thermomechanical
history of the deforma-
tion in the two-phase
region was described
using a complete hot
deformation model.
Results of the computer

compression test of two

Fig. 7 Example of calculation. Progress in y/et transformation and distribution

of hardness in samples deformed at different temperatures. Nb-steel-l.

simulations are compared with those obtained experimentally in the
grades of niobium-steels. It can be observed that significant differences exist in the level of
structure homogeneity after deformation in the austenite and two-phase regions. This tendency is
also observed in calculated results obtained using proposed modeling procedures. The results
presented here support further research work and give additional directions to the finite element
technique employed to analyze hot forming processes and to con~ol quality of the final product in
industrial conditions.
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