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a b s t r a c t

It is known that the thermomechanical processing is one of the most important techniques for improving
quality and mechanical properties of microalloyed steels. In this paper, the main parameters of hot forging
(preheat temperature, strain and post-forging cooling rate) on the primary austenite grain size of vana-
dium microalloyed steel (30MSV6) were studied. From this investigation, it was found that increasing
preheat temperature from 1150 ◦C to 1300 ◦C will result in a decrease in grain size number. Furthermore,
it has shown that as the strain increases, the austenite grain size number increases, as is evident for the
two cooling rates of 2.5 ◦C/s and 1.5 ◦C/s for primary austenite. Finally, it can be concluded that a verity of
microstructures in microalloyed steels can be obtained depending on the deformation temperature and
cooling rate.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Quality of forged steels strongly depends on dominating mech-
anism in the hot forging process [1]. In recent years, microalloyed
medium carbon forging steels have gained acceptance as a replace-
ment for the conventional quenched and tempered (Q–T) grades
in automotive and some other applications. The driving force
for the use of MA steels is cost reduction due to elimination of
post-forging heat treatment, straightening, stress relieving, and
improved machinability [2,3].

Although, microalloyed steels have the same level of strength as
compared to the quenched and tempered steels, their toughness is
lower. To improve the toughness, carbon level of microalloyed steel
has been reduced over the years and the decrease in strength as the
consequence of this is compensated by microalloying with vana-
dium using its precipitation hardening effect [4]. Further increase
of toughness can be achieved by microstructural control during the
thermomechanical processing [5].

Microalloyed steels can be divided into six groups: (1)
niobium microalloyed steels, (2) vanadium–niobium microal-
loyed steels, (3) vanadium–molybdenum microalloyed steels, (4)
vanadium–nitrogen microalloyed steels, (5) titanium microalloyed
steels, and (6) titanium–niobium microalloyed steels.
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A variety of microstructures in microalloyed steels can be
obtained depending on the deformation temperature, degree of
upset, cooling rate and the chemical composition [6].

Each of the microstructure variables such as austenite grain size
number is highly influenced by the composition of the MA steels,
the forging parameters such as preheat temperature, strain (or
degree of upset) utilized and the post-forging cooling rate [7]. The
strength and toughness of MA steels can be enhanced by thermo-
mechanical processing through grain refinement, strain induced
precipitation of fine microalloying carbide and carbonitride parti-
cles [8,9].

Some advantages and disadvantages of microalloyed steels in
comparison with heat-treated steels are: cost saving benefits in
machining, improved fatigue characteristics and weldability.

In the present study, the evolution of the austenite grain size in
microalloyed forging steel (30MSV6) with vanadium was studied as
a function of preheat temperature, strain and post-forging cooling
rate. The results revealed a significant effect of these parameters on
grain size. We also discuss the austenite grain size of the vanadium
microalloyed forging steel under various forging conditions.

2. Experimental procedure

In this paper, the main parameters of hot forging (preheat temperature, strain
or degree of upset and post-forging cooling rate) upon primary austenite grain size
of vanadium microalloyed steel (30MSV6) were investigated. The chemical compo-
sition of this steel is listed in Table 1. The material was supplied by the Iran Alloy
Steels Company. It had ferritic and pearlitic microstructure.

The steel was supplied in the form of round bar billets of 52-mm diameter
and 130-mm length. The specimens were divided into two groups and solution-
ized at 1150 ◦C and 1300 ◦C for 2 min in a preheated forging induction furnace. The
experiments were performed with a 1000 tonnes mechanical press.
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Table 1
Composition of microalloyed vanadium steel (wt.%).

C Si Mn Ni Cr Mo V Cu Ti P S Fe

0.3 0.56 1.49 0.08 0.22 0.01 0.11 0.19 0.017 0.013 0.078 balance

The test specimens were forged at constant strain rate of 0.1 s−1 at two upset
temperatures of 1150 ◦C and 1300 ◦C. Forging was carried out to thickness reduc-
tions of 30% and 45% strain induced, respectively. Cooling rate was followed by air
cooling at the rates of 1.5 ◦C/s and 2.5 ◦C/s. The specimens were polished according to
standard metallographic methods for austenite grain size measurement and optical
microscopy observations. The austenite grain size was measured with Aquinto AG
image analysis software. Optical microscopy was carried out with Nikon microscope
model ME600.

Table 2 shows four different thermomechanical statues used for investigation
on the effects of forging parameters.

In order to precisely control the cooling rate of specimens and to keep homoge-
nous microstructure during cooling, a twin conveyor device by the authors was
used.

The cooling rates were calculated by measuring the temperature of specimens
at two locations, namely after coming out of furnace and conveyor using a calibrated
pyrometer. The temperature of the billets during deformation was also recorded by
the same pyrometer.

3. Results and discussion

Fig. 1 shows the austenite grain size of the microalloyed steel
under various forging conditions. As can be seen, increasing the

Table 2
Twelve different thermomechanical statues used for investigation on the effects of
forging parameters.

Experiment
statues

Preheat
temperature (◦C)

Strain (%) Cooling rate
(◦C/s)

A1 1150 0 1.5
A2 1150 30 1.5
A3 1150 45 1.5
B1 1150 0 2.5
B2 1150 30 2.5
B3 1150 45 2.5
C1 1300 0 1.5
C2 1300 30 1.5
C3 1300 45 1.5
D1 1300 0 2.5
D2 1300 30 2.5
D3 1300 45 2.5

Fig. 1. Austenite grain size of specimens at different thermomechanical conditions indexed according to Table 2.
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Fig. 2. Effect of forging parameters (deformation temperature, % upset and cooling
rate) on the austenite grain size number.

cooling rate after forging at 1150 ◦C leads to finer austenite grain
sizes. These effects are generally associated with the influence of
post-forging cooling rate on austenite grain size.

Increasing deformation temperature at 0% upset leads to
decrease in austenite grain size number, which is due to more
growth of primary austenite grains at higher temperatures.

This phenomenon also holds for 30% and 40% upsets. Hot work-
ing at higher temperature causes the austenite grains to grow
more [10]. This is a common phenomenon due to higher mobil-
ity of atoms at higher temperatures, and it is obvious that with
increasing deformation temperature, the mobility of grain bound-
aries lead to further growth of large grains and elimination of finer
grains.

The important point here is increasing the amount of strain
during forging. The results revealed a significant effect of hot
forging parameters on the austenitic grain growth control. The
grain size number of primary austenite increases when the cool-
ing rate is increased from 1.5 ◦C/s to 2.5 ◦C/s. This is due to the
decreased time of diffusion from one grain to another at the
higher cooling rates. At high cooling rates there is not enough
time for diffusion, and therefore no time for austenite grains to
grow.

In this study the quantitative analysis was performed by image
analyzer software to measure the austenite grain size number.
The result is illustrated in Table 2. As can be seen, by decreasing
the deformation temperature from 1300 ◦C to 1150 ◦C the austen-
ite grain size number increased. As seen in Fig. 2, for samples
with same cooling rates, decreasing the deformation tempera-
ture decreases the final austenite grain size. It is also observed
that the microstructures of samples deformed at 1150◦C are
finer than those deformed at 1300 ◦C. Generally, decrease in the
deformation temperature leads to a decrease in austenite grain
size.

A microalloy addition of vanadium is frequently used for grain
size control and/or precipitation hardening.

The effect of microalloy precipitate depends on the temperature
at which it forms in relation to the transformation temperature
of the steel [11]. Because of vanadium precipitating particles in
these steels, recrystallization would be delayed and because these
particles form at temperatures around 950 ◦C during cooling from
austenite temperature, we can deduce that recrystallization tem-
perature is higher than the temperature at which participates start
to form [12].

Due to the interaction of solute and precipitated vanadium,
austenite recrystallization can be delayed to such an extent that
it will practically be absent below a certain temperature.

Dynamic recrystallization taking place during the hot forging is
dominant when high strains are applied at temperatures in upper
�-range. The kinetics of recrystallization depends on the austen-
ite state (grain size, chemical composition, etc.) and deformation
parameters (temperature, strain and strain rate). Thus it deter-
mines final grain size of austenite.

The existence of fine vanadium precipitates will significantly aid
in controlling the austenite grain size at high austenitising tem-
peratures during hot forging. The base steel with addition of only
vanadium will form finer vanadium carbonitrides that are more
effective in grain size stabilization [1,13–15].

Conventional forging is performed at temperatures above
1100 ◦C. However, vanadium is most effective in refining the
microstructure when delaying the austenite recrystallization.
Vanadium was added because of its precipitation hardening
capability, with a view to improve the toughness properties.
The vanadium precipitates formed would control the austenitic
grain growth and the recrystallized austenitic grain size [15].
Thereby, these precipitates (vanadium carbonitrides and nitrides)
reduce the ferrite–pearlite grain size obtained by decomposi-
tion of the austenite during cooling at rates close to air cooling
[16].

4. Conclusions

(1) The results indicated that vanadium microalloyed steel is capa-
ble of exerting a significant control on austenite grain growth
at different conditions.

(2) In the present study, the influence of thermomechanical pro-
cessing parameters on the microstructure is investigated. The
variation of primary austenite grain size as a function of forging
conditions was followed by optical microscopy.

(3) The metallography results indicated that increasing the defor-
mation temperature, leads to decrease in the austenite grain
size number and the grain size number of primary austenite
increases when the cooling rate is increased from 1.5 ◦C/s to
2.5 ◦C/s.

(4) With increasing the amount of strain during forging, the pri-
mary austenite grain size number to some extent.

(5) The higher the cooling rate, the lower the temperature at which
the precipitates form.
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