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Double compression tests were performed on a Gleeble-3800 thermomechanical simulator to study the softening behaviors of
deformed austenite in aV-Nmicroalloyed steel.The static recrystallization volume fractionswere calculated by stress offsetmethod,
and the kineticmodel of static recrystallizationwas constructed.The effects of temperature, strain, and time interval on the softening
behaviors were analyzed, and the interactions between precipitation and recrystallization were discussed.The results show that the
softening behaviors of the deformed austenite at lower temperature or higher temperature aremarkedly different. At the temperature
of 850∘C or 800∘C, pinning effects of the precipitates play the main role, and the recrystallization process is inhibited, which leads
to the formation of plateaus in the softening curves. An increase in strain promotes the precipitation and recrystallization processes
while reduces the inhibition effect of precipitation on recrystallization as well.

1. Introduction

Thermomechanical controlled processing is a well-known
way to provide a good combination of strength, fracture
toughness, and weldability in microalloyed steels [1]. Vana-
dium is known to be themicroalloying element that can delay
static recrystallization kinetics significantly by the formation
of carbides, nitrides, and/or carbonitrides [2–4], which can
be seen in the values of 𝑡

0.5
, activation energy, and static

recrystallization critical temperature for higher vanadium
additions [5]. Furthermore, the precipitation of vanadium
plays amajor role in controlling the finalmicrostructure [6, 7]
and hence in the product properties. In consideration of the
enormous practical importance of the precipitation process
and static recrystallization, it is essential to understand the
role of precipitation and static recrystallization including the
interactions between precipitation and static recrystalliza-
tion.

In the previous work, it has been proved that vanadium
can exhibit its potential by the applications of microalloying
technology, and the steel products with high strength can be
produced by lower vanadium and higher nitrogen additions

[8], which leads to a lower cost for steel industry. Some
researches have been done to study the static recrystallization
of vanadium microalloying steels. However, most of the
works focus on the steel whose vanadium contents are often
higher than 0.1 mass% or nitrogen contents are at a lower
level.Therefore, few works on the steels with lower vanadium
and higher nitrogen additions are reported. It has been
proved in Yang and Zhang’s [8, 9] and Bangming et al.’s [10]
works that nitrogen is a very cost-effective microalloying
element, which provides a new approach to produce high
strength steels with low cost and high additional value.

In the present work, the softening behaviors of a microal-
loyed steel with low vanadium (0.05 mass%) and high
nitrogen (0.018 mass%) additions were studied by perform-
ing double compression tests on a Gleeble-3800 thermo-
mechanical simulator. The effects of the process parameters
on recrystallized volume fraction, the precipitation and the
interaction between precipitation, and recrystallization were
analyzed to provide a reference for the prediction of the
microstructural evolution and properties in the hot rolling
process.
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Figure 1: The stress-strain curves in the double compression tests. (a) True strain 𝜀 = 22%; (b) true strain 𝜀 = 35%.
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Figure 2: The softening curves of the tested steel. (a) True strain 𝜀 = 0.22; (b) true strain 𝜀 = 0.35.

2. Experimental

The V-N microalloyed steel used in this study was melted in
a vacuum induction furnace. The chemical composition is C
0.15, Mn 1.6, Si 0.3, S 0.037, P 0.051, Cu 0.05, Ni 0.1, V 0.05, Ti
0.02, N 0.0183, and balance Fe; all numbers are given in wt.%.

The double-compression isothermal simulation tests
were performed by using Gleeble-3800 thermo-mechanical
simulator. The samples were 8mm in diameter and 12mm in
length. All the samples were reheated in vacuum to prevent
oxidation and wrapped with tantalum foils on both sides to
minimize conglutination.

The simulation test schedule involved austenitization at
1150∘C for 3min, followed by cooling at a rate of 5∘C/s to the
deformation temperature that was in the range of 800∘C to

950∘C and a hold for 60 s to homogenize the temperature
within the samples. At the deformation temperature, the
double compression tests were conducted with a strain rate
of 5 s−1 and a strain of 𝜀

1
= 0.22 or 𝜀

2
= 0.35, respectively.

Several holding times between 1 s and 500 s were used at the
interval. In some samples, the second compression after the
time interval was replaced by awater quench in order to study
the precipitate and microstructure evolution.

3. Results and Discussion

3.1. Analysis of the Softening Behaviors. In general, the recrys-
tallized fraction can be calculated by three methods that are
the back extrapolationmethod, the mean flow stress method,
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Figure 3: Microstructures obtained under different deformation conditions. (a) 𝑇 = 800∘C, 𝜀 = 0.22, and 𝑡 = 10 s; (b) T = 800∘C, 𝜀 = 0.22,
and 𝑡 = 100 s; (c) 𝑇 = 800∘C, 𝜀 = 0.22, and 𝑡 = 200 s; (d) 𝑇 = 850∘C, 𝜀 = 0.22, and 𝑡 = 10 s; (e) 𝑇 = 800∘C, 𝜀 = 0.35, and 𝑡 = 10 s; (f)
𝑇 = 850

∘C, 𝜀 = 0.35, and 𝑡 = 30 s.

and the stress offset method. The latter one was used and the
softening fraction 𝑋

𝑠
was calculated by using the following

expression:

𝑋
𝑠
=
𝜎
𝑚
− 𝜎


𝑠

𝜎
𝑚
− 𝜎
𝑠

, (1)

where 𝜎
𝑚
is the flow stress corresponding to the end of the

first pass, 𝜎
𝑠
, and𝜎

𝑠

are the stresses corresponding to the yield
stresses in the first pass and the second pass, respectively.

By 0.002 offset method, the effect of the recovery is
underestimated, which leads to larger softening fractions
than the recrystallized fraction. In addition, the precisions
in calculation are often disturbed by the stress-strain curves
collected during the tests. 0.02 offsetmethod is comparatively
insensitive to recovery, and the softening fractions calculated
by this method fit well to the recrystallized fractions [11].
Therefore, the 0.02 offset method was used to calculate the
recrystallized fractions.

Figure 1 presents the stress-strain curves collected dur-
ing the double compression tests. It can be seen that the
softening behaviors change with the time intervals, and
longer time intervals result in larger softening fractions.
The softening fraction 𝑋

𝑠
versus time interval relations is

shown in Figure 2, and the microstructures obtained under
different deformation conditions are shown in Figure 3. In
Figure 3(a), 3(b), and 3(c), it can be seen that the number
of recrystallized grains increases with the increment of time
interval. In consideration of the number of recrystallized

grains in Figures 3(b) and 3(e), it can be said that large strain
promotes recrystallization process. Furthermore, an increase
in strain leads to a shorter time interval for the deformed
austenite to complete recrystallization, which is recognizable
in Figure 3(f).

In Figure 2, the curves display the sigmoid-shaped behav-
ior. At the deformation temperature of 900∘C or 950∘C, the
recrystallized fraction increases markedly with the increase
of the time interval. For the tested steel deformed at a strain
of 0.22, the recrystallized fraction increases markedly within
10 s, and the recrystallization process is almost completed
when the time interval reaches 50 s. With an increase in
strain to 0.35, the recrystallization process is promoted,
and complete recrystallization is recognizable when the
deformation temperature is 950∘C and the time interval is
around 10 s, which can be seen in Figure 2(b) and it is
consistent with microstructural evolution in Figure 3. It can
be explained that an increase in strain leads to an increase
in dislocation density and defects in the material, which
contributes to the store energy accumulation that plays a
role as the recrystallizing driving force. Especially, the effect
of strain on recrystallization process is great at the early
stage. At the deformation temperature of 950∘C and 1 s time
interval, true strains of 0.22 and 0.35 were applied. And the
corresponding recrystallized fractions are 32.7% and 82%,
respectively.

The effect of strain on the softening behavior in microal-
loyed steel can be expressed in two ways. On one hand, an
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Figure 4: RPTT diagrams for the tested steel. (a) True strain 𝜀 = 0.22; (b) true strain 𝜀 = 0.35.

increase in strain promotes the grain boundarymigration and
as a consequence, the recrystallization process is accelerated;
on the other, it is favorable for some microalloying elements
to precipitate at certain temperature, and the precipitates play
a pinning effect, which inhibits the recrystallization process.
It has been proved that microalloying element vanadium in
dissolution or precipitation plays a different role in steel [12].
It is favorable for the carbonitride of vanadium to precipitate
under proper hot working conditions [13], which inhibits the
recrystallization, and a resultant plateau is displayed in the
recrystallized faction versus time diagram.This phenomenon
also can be seen in the present work in Figure 2, as the
plateaus are consistent with the formation of the precipi-
tates that inhibit the recrystallization. And the precipitation
behaviors of carbonitride of vanadium are to be discussed
in details. In addition, the samples deformed at a strain of
0.22 or 0.35 exhibit a similar performance at the deformation
temperature of 850∘C or 800∘C. However, the effect of strain
on the incubation time for the precipitates is different, and
an increase in strain promotes the precipitation to occur
earlier.

3.2. Analysis of Precipitation. Figure 4 presents the recrys-
tallization-precipitation-time-temperature (RPTT) diagrams
resulting from the relationship between temperature and time
corresponding to different recrystallized fractions.The points
that define the start and the end of the plateau were taken
from the data in Figure 2. In Figure 4, the recrystallized
fraction changes at a small amplitude between the precipitate
start and finish curves that show “C” shapes, the curves
in solid, and the nose of the precipitates is located around
850∘C. In addition, an increase in strain leads the minimum
incubation time of the precipitates to reduce from 30 s to

10 s, and the precipitate finish time also shifts toward shorter
times.

The TEM images of precipitates at the deformation
temperature of 850∘C are shown in Figures 5 and 6. The
precipitates in the initial holding are quadrate and quite
similar regardless of the strain of 0.22 or 0.35.The precipitates
are mainly about titanium carbonitride by energy dispersive
spectroscopy (EDS) analysis. Figure 5(a) presents the TEM
image of the sample deformed at strain of 0.2. The corre-
sponding EDS image is shown in Figure 6(a). After longer
holding, the particles are spherical and about several to tens
of nanometers in size, Figure 5(b). The corresponding EDS
image is shown in Figure 6(b), and the particles are mainly
about carbonitrides of titanium and vanadium. So these
precipitates that restrain recrystallization process by pinning
effect are the main reason for the formation of the plateaus in
Figure 2. The precipitation process exhibits a similar perfor-
mance with an increase in strain. However, the precipitated
particles are even smaller in size but decrease in number. It
is reported that vanadium precipitates nucleate preferentially
at dislocation [14]. An increase in strain contributes to
greater work hardening and higher density of dislocation.
Therefore, more nucleation sites for vanadium precipitates
are formed. While the precipitates are dissolving due to
being above the VC dissolution temperature after strain
induced precipitation, the number of precipitates decreases
with 30 more seconds holding, which leads to an increase
in recrystallized fraction after the plateau, and the pinning
forces of the precipitatesmust be lower than the driving forces
for recrystallization. In addition, an increase in strain also
promotes the recovery and recrystallization process that is
to reduce dislocation density sharply, and as a consequence,
the nucleation sites for vanadium precipitates are decreased.
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Figure 5: The precipitations under different deformation conditions. (a) 𝜀 = 0.22, 𝑡 = 10 s; (b) 𝜀 = 0.22, 𝑡 = 50 s; (c) 𝜀 = 0.35, 𝑡 = 20 s; (d)
𝜀 = 0.35, 𝑡 = 50 s.

In consideration of the effect of strain on precipitation and
recrystallization, the effect of strain on recrystallization plays
a dominant role, which leads to a decrease in nucleation sites
for vanadiumprecipitates and a decrease in the number of the
precipitates, Figure 5(d). It can be predicted that the pinning
effect of the precipitates will not play a role in recrystallization
after strain is increased to a critical strain. Later work should
be done to prove whether the critical strain is equal to the
critical strain for dynamic recrystallization. Once it is proved
to be true, the present work is to be consistent with Chen’s
work [15].

3.3. Static RecrystallizationModel. Thestatic recrystallization
kinetics of austenite are usually described by an Avrami
equation in the following way [16]:

𝑋
𝑠
= 1 − exp [−𝐵( 𝑡

𝑡
𝐹

)

𝑛𝐴

] , (2)

where 𝑡
𝐹
is the time corresponding to 𝐹 recrystallization

fraction, 𝐵 = − ln(1 −𝐹), and 𝑛
𝐴
is a constant independent of

deformation conditions
With “𝐹” equal to 50%, the equation can be expressed in

the following way:

𝑋
𝑠
= 1 − exp [−0.693( 𝑡

𝑡
0.5

)

𝑛𝐴

] . (3)

By taking the natural logarithm two times on both sides of
(3), the equation is as follows:

ln ln 1
1 − 𝑋

𝑠

= 𝑛
𝐴
ln 𝑡
𝑡
0.5

+ ln 𝑐. (4)

In (4), lnln(1/(1 − 𝑋
𝑠
)) versus ln(𝑡/𝑡

0.5
) relation is linear on

condition that 𝑛
𝐴
is a constant. According to some authors,

the value of 𝑛
𝐴
depends on temperature [17]. And it depends

on the pinning effects of the precipitates in consideration of
the softening behaviors of the tested steel. At the temperature
of 950∘C or 900∘C, 𝑛

𝐴
is calculated by 1east squares method,

𝑛
𝐴
= 0.6112, shown in Figure 7.
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Figure 6: EDS image of the precipitates. (a) 𝜀 = 0.22, 𝑡 = 10 s; (b) 𝜀 = 0.22, 𝑡 = 30 s.
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The static recrystallization kinetic equation is expressed
as follows:

𝑋
𝑠
= 1 − exp[−0.693( 𝑡

𝑡
0.5

)

0.6112

] . (5)

Previous studies have shown that 𝑡
0.5

can be used to
determine the activation energy, as expressed by the following
equations:

𝑡
0.5
= 𝐴𝜀
𝑝

̇𝜀
𝑞 exp(
𝑄rex
𝑅𝑇
)

ln 𝑡
0.5
= ln𝐴 + 𝑝 ln 𝜀 + 𝑞 ln ̇𝜀 +

𝑄rex
𝑅𝑇
.

(6)

As proved elsewhere [18], activation energyQrex is mainly
affected by the chemical composition of materials and inde-
pendent of deformation conditions. Under certain deforma-
tion conditions, ln 𝑡

0.5
versus 1/𝑇 relation is linear.Therefore,

activation energy𝑄rex can be obtained by linear regression. It
is worth to note that there are vanadium precipitates in the
tested steel at 850∘C or 800∘C, which leads to a nonlinear
relation between ln 𝑡

0.5
and 1/𝑇. In consideration of the

presence of precipitates, activation energy 𝑄rex is expressed
in the following way:

𝑄rex = 𝑄 + Δ𝑄, (7)

where𝑄 is the activation energy in the absence of precipitates
and Δ𝑄 is the increase in activation energy due to the
precipitates.

By piecewise linear fitting method, the activation energy
in the absence of precipitates was 𝑄 = 242.43 kJ/mol. As
described above, the effect of strain on recrystallization or
precipitation process was different. At the strain of 0.22, the
increase in activation energy due to the pinning effect of the
precipitates wasΔ𝑄

1
= 256.41 kJ/molwhile at a larger strain of

0.35, the value ofΔ𝑄
2
was only 81.78 kJ/mol.Therefore, larger

strain is liable to reduce the pinning effect of the precipitates
and leads to smaller activation energy, which is consistent
with the analysis of precipitation.

4. Conclusions

(1) Double compression tests were performed on a
Gleeble-3800 thermo-mechanical simulator. Based
on the true stress-true strain curves of the samples
deformed at the temperature of 950∘C or 900∘C, the
exponent 𝑛

𝐴
in Avrami’s law was calculated by 1east

squares method and it was 0.6112. The corresponding
static recrystallization model was obtained.
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(2) The static recrystallization softening curves were of
sigmoidal shape at the temperature of 950∘C or 900∘C
while the curves presented plateaus due to the pinning
effects of the vanadium and titanium precipitates
at the temperature of 850∘C or 800∘C, regardless
of the strain of 0.22 or 0.35. An increase in strain
promotes the recrystallization and precipitation pro-
cesses. Especially, at the temperature of 850∘C, the
increase in strain reduces the inhibition effect of
precipitation on recrystallization.

(3) By the calculation of activation energy, the increase
in activation energy due to the pinning effect of
the precipitates was 256.41 kJ/mol corresponding to a
strain of 0.22 while the increase in activation energy
was 81.78 kJ/mol corresponding to a larger strain
of 0.35. Therefore, larger strain is liable to reduce
the pinning effect of the precipitates and leads to
smaller activation energy, which is consistent with the
analysis of the interaction between precipitation and
recrystallization.
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