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Investigation of recrystallization behavior of large sized Nb–V
microalloyed steel rod during thermomechanical controlled
processing
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To investigate the recrystallization behavior of large sized Nb–V microalloyed steel rods during
thermomechanical controlled processing (TMCP), a series of isothermal hot compression tests
were conducted on a Gleeble 1500 thermomechanical simulator. The kinetics and microstructure
evolution models of dynamic recrystallization, static recrystallization, metadynamic recrystalliza-
tion and the grain growth model of the tested steel were developed. Based on the developed
models, a finite element (FE) model coupled with the recrystallization behavior of large sized
Nb–V microalloyed steel rods during TMCP was established. Then, the distributions and
evolutions of recrystallization fraction and grain size during the whole deformation process are
obtained and analyzed. Finally, the predicted results were compared with experimental ones, and
they show good agreement. This illustrates that the recrystallization models of the tested steel are
valid and the developed FE model of large sized Nb–V microalloyed steel rods during TMCP is
effective.

I. INTRODUCTION

Nb–V microalloyed nonquenched and tempered steel
is widely used in industry. This steel can be directly used
for cutting after hot rolling without heat treatment and
straightening operations because the mechanical proper-
ties can be obtained at the end of hot forming process.
Therefore, much money and energy can be saved, and it
is drawing more and more attention from society.1–4

However, the properties of the steel rod need further
improvement, especially for the large sized steel rod.
This is because the properties of the steel rod decrease
with increasing of the rod size. This phenomenon is
largely determined by the uniform distribution of micro-
structures.5,6 And the previous researches indicate that
the microstructure evolution in a rod piece during hot
deformation is complex and it is affected by dynamic
recrystallization (DRX), metadynamic recrystallization
(MDRX), static recrystallization (SRX), and grain
growth.7–11 And these microstructure evolution behav-
iors are as well influenced by the macroscopic factors
such as deformation temperature, strain, and strain
rate.12–17 Therefore, it is necessary to clearly understand
the recrystallization behaviors and the microstructure

evolution during hot deformation and provide guidance
for designing optimal processing of large sized Nb–V
microalloyed steel rods.
Recently, with the development of numerical simulation

technology, many researchers have used the finite element
method (FEM) to predict the microstructure evolution
during the hot deformation process for various metal
materials. Li et al.18 built a coupling multivariable simula-
tion model for hot strip continuous rolling. The evolution
laws of strain, temperature, and microstructure were ana-
lyzed. Chen et al.19 simulated the hot forging process of
turbine blades for martensitic stainless steel. Yue et al.20

investigated the 18-pass hot rolling process of a GCr15 steel
rod using a multifield coupled FE model. And the evolution
of the recrystallization behavior and austenite grain size is
predicted. Jiang et al.21 studied the microstructure evolution
of alloy 690 during the hot extrusion process. The simulated
microstructure agrees well with the actual one. There are
also some other researches about the microstructure simu-
lation.22–29 These researches confirm that the FEM is
a reliable approach to investigate microstructure evolution
during the rod rolling process.
In this paper, a series of isothermal hot compression

tests were conducted. Then, the mathematic models for
DRX, SRX, MDRX, and grain growth were developed.
Based on the mathematic models, a multifield FE model
coupled with the microstructure prediction of large
sized Nb–V microalloyed steel rods during thermome-
chanical controlled processing (TMCP) was established.
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The evolutions of recrystallization and austenite grain
size during the whole deformation process were simu-
lated. Finally, comparisons between the simulated
results and experimental ones were carried out.

II. EXPERIMENTAL PROCEDURE

The chemical compositions of the tested steel in this
paper are given in Table I. The DRX, MDRX, SRX, and
grain growth behaviors are investigated by isothermal hot
compression tests using a Gleeble 1500 thermomechan-
ical simulator (Dynamic Systems Inc., Poestenkill, New
York). The specimen for tests is a cylinder with a diameter
of 8 mm and height of 12 mm.

A. DRX tests

In DRX tests, a single pass isothermal hot compression is
applied. The specimens were heated to 1523 K at the rate of
20 K/s and held for 300 s. Then, a wide range of temper-
atures (1123–1473 K) and strain rates (0.01–10 s�1), de-
formation conditions, are carried out to a true strain of 0.8.
After compression, all specimens are water quenched to
room temperature immediately. Finally, the specimens are
sectioned along the axial direction and the sections of the
specimens were polished and etched. The microstructures in
the sections were examined by an optical microscope.

B. MDRX tests

In MDRX tests, a double passes isothermal hot
compression is applied. The specimens were heated to
1473 K at the rate of 20 K/s and held for different times
(3–9 min). Then, the first compressions were conducted
with a strain of 0.4 at a wide range of temperatures
(1273–1423 K) and strain rates (0.01–5 s�1). After
different interpass times (0.5–10 s), the second compres-
sion with a strain of 0.1 was conducted at the same
condition. After compression, the same operations with
DRX specimens were conducted.

C. SRX tests

In SRX tests, a double pass isothermal hot compres-
sion is also applied. The specimens were heated to
1473 K at the rate of 20 K/s and held for different times
(0–3 min). Then, the first compressions were conducted
with a prestrain of 0.15–0.25 at a wide range of temper-
atures (1123–1423 K) and strain rates (0.01–5 s�1). After
different interpass times (0.5–30 s), the second compres-
sion with a strain of 0.1 was conducted at the same
condition. After compression, the same operations with
DRX specimens were conducted.

D. Grain growth tests

The grain growth experiment is performed at the holding
temperature of 1273–1523 K and holding time of 0–180 s.
Then, the specimens are water quenched to room temper-
ature immediately. The microstructures in the section of the
specimen are examined by an optical microscope.

III. RECRYSTALLIZATION MODEL AND GRAIN
GROWTH MODEL

The typical experimental curves obtained from the tests
are showed in Fig. 1. It can be seen from Fig. 1(a) that the
curves under high temperatures (1273–1423 K) exhibit
typical a DRX behavior, but the other curves show
a dynamic recovery character. This is because DRX is
a thermally activated process. With the increase in
temperature, the formation of DRX nuclei becomes easier,
and meanwhile, the grain boundary mobility increases,
resulting in increasing of the rate of DRX. Figure 1(b)
shows the stress–strain curves of MDRX tests. It can be
seen that the strain in the first compression is larger than
the peak strain, which indicates that a certain amount of
DRX has occurred during the first compression. The stress
in the second compression decreases with increasing of
interpass time, indicating that the softening fraction of
MDRX increases with increasing of interpass time. It can
be found that from the stress–strain curves of SRX tests, as
shown in Fig. 1(c), the strain in the first compression is
much smaller than the peak strain, which indicates that no
DRX has occurred. The stress in the second compression
decreases with increasing of interpass time before 10 s,
and the others are approximate after 10 s. It illustrates that
the softening fraction of SRX increases with increasing of
interpass time and it reaches maximum at 10 s.

According to the obtained flow stress curves and the
microstructures in the sections of the specimens, the
kinetics and grain size model of DRX, MDRX and SRX
and the grain growth model of the tested steel were
established using the previous methods.30–33 The DRX
model is shown below,

DRX model

Z ¼ _e exp 318:7�103

RT

� �
ec ¼ 2:997� 10�3Z0:164

XDRX ¼ 1� exp �0:693 td
t0:5=DRX

� �2:013� �
t0:5=DRX ¼ 2:566� 10�2 _e�0:857 exp 29315:62

RT

� �
DDRX ¼ 12751:222 � Z�0:211

8>>>>>>><>>>>>>>:
;

ð1Þ

where _e is the strain rate, R is the universal gas constant,
T is the absolute temperature, ec is the critical strain,
XDRX is the fraction of DRX, td is the deformation time
after critical strain, t0.5/DRX is the time for 50% fraction of
DRX, DDRX is the grain size after DRX.

TABLE I. Chemical compositions of the tested steel (wt%).

C Si Mn P S Cr V Nb

0.38–0.45 0.45 1.50 #0.02 #0.04 0.25 0.05 0.02
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The obtained MDRX model is shown as follows:

MDRX model

XMDRX ¼ 1� exp �0:693 tm
t0:5=MDRX

� �1:113� �
t0:5=MDRX ¼ 1:697� 10�6 _e�0:378 d0

0:227 exp 127366
RT

� �
DMDRX ¼ 1804:58 _e�0:117 d0

0:63 exp �73778:4
RT

� �
8>><>>: ;

ð2Þ

where XMDRX is the volume fraction of MDRX and its
value is assumed to be the same as the MDRX softening
fraction, tm is the interpass time, t0.5/MDRX is the time for
50% fraction of MDRX, d0 is the initial grain size,
DMDRX is the grain size after MDRX.

The established SRX model is shown as follows:

SRX model

FSRX ¼ 1� exp �0:693 ts
t0:5=SRX

� �f ðTÞ� �
f ðTÞ ¼ 0:00372T � 3:9944
t0:5=SRX ¼ 3:363� 10�10e�1:683 _e�0:385 d0

0:642 exp 183520:8
RT

� �
XSRX ¼ FSRX�0:2

1�0:2

DSRX ¼ 67:42e�0:627 _e�0:136 d0
0:281 exp �28025:7

RT

� �

8>>>>>><>>>>>>:
;

ð3Þ

where FSRX is the softening fraction of SRX, ts is the
interpass time, t0.5/SRX is the time for 50% softening
fraction of SRX, XSRX is the SRX fraction, DSRX is the
grain size after SRX.

The grain growth model for the tested steel can be
described as follows:

D7 ¼ D0
7 þ1:54� 1039t exp

�768821
RT

� �
; ð4Þ

where D is the austenite grain size at time t and D0 is the
initial grain size.

IV. RECRYSTALLIZATION BEHAVIOR DURING
TMCP

A. Integration of mathematic models

To carry out the multifield coupled hot rolling process
of Nb–V microalloyed nonquenched and tempered steel
bars, an MSC.Marc subprogram was designed to predict
the evolution of the recrystallization behavior and aus-
tenite grain size. The flowchart of the subprogram is
shown in Fig. 2. The whole rolling process can be
divided into two parts. One is rolling and in the first
step of rolling period, the recrystallization fraction is
returned to zero. Then, the strain will be compared to the
critical strain of DRX. If the strain is larger than the
critical strain, DRX will take place or the strain will
continue to accumulate. The other one is interpass and
during this period if the recrystallization fraction is larger
than 0.95, the grain growth will be calculated. Otherwise,
MDRX will occur if DRX is larger than 0.05, or SRX
will occur if DRX is smaller than 0.05. Then the
subprogram will continue step by step till the whole
process is over. In the grain size calculation, the initial
grain size is assumed to be 200 lm. This is because the
effect of different initial grain sizes will disappear after
several sufficient cycles of recrystallization during multi-
pass continuous rolling.29,34,35 Then, the average grain
size is calculated according to the following equations:

FIG. 1. Typical flow stress curves of (a) DRX; (b) MDRX; (c) SRX.
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DRX : d ¼ XDRXdDRX þ 1� XDRXð Þd0 ; ð5Þ

SRX : d ¼ XSRXdSRX þ 1� XSRXð Þd0 ; ð6Þ

MDRX : d ¼ XDRXdDRX þ 1� XDRXð ÞXMDRXdMDRX

þ 1� XDRXð Þ 1� XMDRXð Þd0 :

ð7Þ

B. FE model

The layout of rolling mills for rod rolling of Nb–V
microalloyed nonquenched and tempered steel bars is
shown in Fig. 3(a). It can be seen that there are roughing
mill, intermediate mill, and finishing mill in the production
line. The roughing and intermediate mills are reversing
mills and finishing mill is a one-way rolling mill. The
Nb–V microalloyed nonquenched and tempered steel is
rolled from a square billet of 220 � 220 mm to a rod of

f90 mm. The rolling process consists of 8 roughing
passes, 3 intermediate passes, and 1 finishing pass.
Considering the consistence of the microstructure and
mechanical properties of rods at the rolling direction in
the steady rolling region, only 600 mm length of billet is
used. Due to the symmetry, a quarter of a billet and
roller is included. The FE model for descaling and the
first 2 passes in roughing rolling are shown in Fig. 3(b).
In the model, the rollers are individually driven with an
alternate vertical and horizontal arrangement. When one
pass is finished, the corresponding roller will be re-
moved and the next roller will be arranged into the
production line. Two pushing rigid bodies are used to
push the billet into the roller as the function of the
conveyer. When the first model is finished, all physical
field data will be transferred into the next model by
a data transfer technique.36,37 The subprogram devel-
oped above is coupled with the FE model to analyse the
recrystallization behavior during the rod rolling process.

C. Simulation results and discussion

1. Field-variables distribution

The field-variables such as temperature, strain, and
strain rate during the rolling process have a significant
influence on the microstructure evolution. Therefore, it
is important to clarify the distribution of field-variables
during the rolling process. The temperature distribution
in the rolled piece, for example, at the 6th pass, is
shown in Fig. 4(a). It can be seen that the closer to the
center, the higher the temperature. And the lowest
temperature appeared at the surface in touch with the
roller. It can be easily found from Fig. 4(b) that the
distribution of the effective strain is inhomogeneous.
This may induce the inhomogeneous distribution of
recrystallization because of its great effect on the
recrystallization behavior. From Fig. 4(c), it is obvious
that during the steady rolling stage, the larger strain rate
appears at the subsurface of the rod piece. But it is small
at the surface in touch with the roller because of the
effect of the undeformed zone.

2. Recrystallization behavior

Figure 5 shows the typical distribution of recrystal-
lization fraction during roughing rolling (e.g., 4th
pass), intermediate rolling (e.g., 9th pass), and finish-
ing rolling (12th pass). It can be seen that a certain
amount of DRX has occurred in most of the central part
of the rolled piece due to the high temperature and
large reduction during the roughing rolling process.
And the area near the surface has no DRX for the small
strain. Then, during the interpass time, MDRX takes
place in the area where DRX has occurred, and SRX
takes place in the other area. During the intermediate

FIG. 2. Flowchart of the subprogram for microstructure evolution.
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rolling process, only some amount of DRX occurred in
a small area of the central part of the rolled piece. This
is because the deformation of the rod decreases with
decreasing section area. From Fig. 5, it can be found
that no DRX occurred during the finishing rolling
process and only some amount of SRX takes place
during the interpass time. This phenomenon is attrib-
uted to the low temperature and small reduction of the
rolled piece during the finishing rolling process.
Figure 6 shows the evolution of recrystallization
fractions at the center of the rolled piece. It can be
seen that the DRX fraction is relatively small during
the whole rolling process, and SRX and MDRX are the
main methods to refine the microstructure. This is
because the size of the rod is large, and the strain in
the center of the rod is hard to reach the critical strain
or completely finish DRX, so the DRX fraction is
relatively small.

The evolution of the average grain size at different
positions during the whole rolling process is shown in
Fig. 7. It can be seen from the figure that the grains are
refined greatly for the effect of recrystallization in the first
two passes. Then the grain size gets into a recrystallization
and growth alternately occurred state during roughing

rolling. Subsequently, the grain size reduces to a relatively
small value during the intermediate rolling due to the
decreasing temperature. After finishing rolling, the grains
are refined again. This is mainly because of the reduced
recrystallization grain size for the relatively low temper-
ature and small reduction.

The grain size distributions in the section of the rod
piece at different rolling stages are also showed in
Fig. 7. It is obvious that the average grain size decreases
with the proceeding of the rolling process. The reason is
that recrystallization reduces the average grain size and
the effect of grain growth on the average grain size
decreases due to the decreasing temperature. In addition,
it is found that the distribution of the grain size is
inhomogeneous. The grain size is relatively large in the
central part of the rolling piece, is relatively small near
the surface, and is smallest around the corner of the
rod piece. This is mainly because the size of the rod is
large which induced the inhomogeneous temperature in
the section of the rod, as shown in Fig. 4(a). The
temperature in the central part of the rod piece is much
higher than that near the surface, and the temperature is
lowest around the corner. And the recrystallization grain
size and effect of grain growth decrease with the

FIG. 3. (a) Schematic representation of the rolling process and (b) the corresponding FE model.

FIG. 4. Field-variable distributions in the rolled piece at the sixth pass (a) temperature; (b) effective strain; (c) effective strain rate.
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decreasing of temperature. So the distribution of the
grain size is inhomogeneous.

3. Verification of simulation result

To verify the simulation result of the FEM, some
samples are cut from the rod after rolling. And the
optical microstructures at different positions of the
sample are obtained as shown in Fig. 8. Because
austenite has transformed into ferrite, pearlite, bainite,
and martensite during the cooling process, the original
austenite grain boundaries can be etched in martensite

or bainite or described by netted ferrite. Generally,
original austenite can be described clearly, and the
measured values agree with the predicted ones,
indicating that the work in this paper can provide
guidance for designing optimal processing of
large sized Nb–V microalloyed steel rods during
TMCP.

FIG. 5. Distribution of recrystallization fraction during the rolling process.

FIG. 6. Evolution of recrystallization fractions at the center of the
rolled piece.

FIG. 7. Evolution of the average grain size during the rolling process.
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V. CONCLUSIONS

(1) A series of isothermal hot compression tests of
Nb–V microalloyed nonquenched and tempered steel
are carried out. Based on the obtained experimental
data, the DRX, MDRX, and SRX models of the tested
steel are developed.

(2) Using MSC.Marc software, a secondary develop-
ment subroutine for the calculation of microstructure
evolution is built. An FE model coupled with the
microstructure evolution of large sized Nb–V micro-
alloyed steel rods during TMCP is established.

(3) The recrystallization behavior and microstructure
evolution during TMCP are simulated. And the simulated
results agree well with the experimental ones, which
illustrates that the recrystallization models of the tested
steel and the FE model of large sized steel rods during
TMCP are reliable. This research is helpful for designing
optimal processing of large sized Nb–V microalloyed
steel rods during TMCP.
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