Synopsis

The static recrystallization behaviour of Ti-Nb microalloyed high-strength
steel during hot deformation was studied by conducting double-hit hot
compression experiments using a Gleeble-3500 thermomechanical
simulator. The effects of deformation temperature, strain rate, strain, and
initial austenite grain size on the static recrystallization fraction are
discussed. The static recrystallization kinetics were modelled, and the
results show that the static recrystallization fraction increased with
deformation temperature, strain rate, and strain and interpass time. The
static recrystallization activation energy Qs was 326.05 k] mol-1.
Comparison of the experimental results and predicted results indicates that
the effects of deformation parameters on the static recrystallization in
multistage hot deformation are significant. The predicted results are in
good agreement with the experimental results.
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Introduction

In hot-forming processes, complex
microstructures are often induced by multiple
hot deformation mechanisms (Zhang et al.,
2014; Liang et al., 2015). The softening
behaviour during hot processing has generated
considerable interest because component
properties are influenced significantly by the
corresponding microstructural evolution (Wu
et al., 2010). It is well known that dynamic
recrystallization (DRX); metadynamic recrys-
tallization (MDRX), which occurs by the
growth of DRX nuclei during intervals of
deformation; and static recrystallization (SRX),
which occurs by nucleation and growth during
the intervals of deformation, can significantly
alter the austenite grain size (Chen et al.,
2015. Chen, Sui, and Cui, 2014; Mao et al.,
2014). The long interpass times allow
complete SRX to take place if the steel is being
rolled above the interpass recrystallization stop
temperature (7,), i.e. in the absence of
carbonitride precipitation (Siciliano, 2000). In
recent research, microalloying technology
coupled with new-generation thermome-
chanical control processing (NG-TMCP) has
proved efficient in achieving the proper
balance between strength, toughness, ductility,
and formability by means of a suitable
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combination of chemical composition and
thermomechanical treatment parameters
(Shukla et al., 2012; Bandyopadhyay et al.,
2011). The alloying elements Nb, V, Ti are
widely used in high-strength low-alloy (HSLA)
steel to achieve the desired strength and
toughness properties with solid-solution
strengthening, precipitation hardening, grain
refinement, and dislocation strengthening
(Opiela, 2014; Chen and Yu, 2012). The wide
applicability of alloying elements in HSLA steel
is due to the fact that heat treatments are not
required after forming of the parts, which
results in time and cost savings.

When microalloying elements are added to
steel, the dissolved alloying additions in solid
solution raise the temperature of recrystal-
lization of plastically deformed austenite. This
is due to segregation on the dislocations and
grain boundaries, causing a decrease in the
recovery rate and grain boundary mobility
(Ferdowsi et al., 2014). Instead, alloying
elements precipitating on dislocations in the
form of dispersive carbides and/or carboni-
trides slow the course of recrystallization
during plastic deformation (Cabrera et al.,
1997; Mirzadeh, Cabrera, and Najafizadeh,
2012). The SRX behaviour depends on the
processing parameters, such as strain rate,
deformation temperature, and strain. A finer
initial grain size accelerates recrystallization,
and precipitation can retard recrystallization
(Miao et al., 2012). Therefore, in order to
optimize the hot processing parameters, it is
important to understand the characteristics of
hot deformation to control the microstructure
evolution. In this article, the SRX behaviour of
Ti-Nb microalloyed high-strength steel during
hot deformation was studied using a Gleeble-
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3500 thermomechanical simulator. The effects of deformation
temperature, strain rate, strain, and initial austenite grain
size on the SRX fraction are discussed and the SRX kinetics
modelled, which will be helpful for optimizing the rolling
process.

Experimental

The chemical composition of the high-strength steel used in
this investigation was 0.078C-0.25Si-1.78Mn-0.12Ti-
0.035Nb-0.008P-0.003S-0.003A1-0.0038N (bal. Fe), in wt%.
Cylindrical specimens were machined with a diameter of 8
mm and height of 12 mm. To prevent possible non-uniform
temperature distribution in the sample, special cemented
carbide products were fixed to both ends of the deformed
sample. The uniaxial hot compression tests were conducted
using a Gleeble-3500 thermomechanical simulator. In order
to determine the critical strain for the start of DRX, the hot
compression tests were performed in the temperatures range
of 950-1050°C, at intervals of 50°C, under constant strain
rates of 0.1, 1, and 5 s-1, up to a true strain of 0.9. Double-hit
tests were performed to study the progress of SRX. As shown
in Figure 1, the specimens were heated to 1200°C at a
heating rate of 10°Cs-! and held at temperature for 5 minutes.
The specimens were then cooled to the deformation
temperature at 10°Cs- and held for 1 minute to eliminate
thermal gradients. Temperatures of 950, 1000, and 1050°C,
strain rates of 0.1, 1, and 5 s-1, strains of 0.10, 0.15, and
0.20, and interval times between the two deformation passes
of 1, 5, 10, 30, and 100 seconds were used. In order to
research the effect of initial austenite grain sizes on SRX, the
specimens were heated to 1200°C and held for different times
to obtain different initial austenite grain sizes.

Optical metallographic samples were prepared by conven-
tional grinding and polishing techniques, and were
subsequently etched with saturated aqueous picric acid
solution and sodium dodecyl benzene sulphonate for 200
seconds. The austenite grain size was analysed by
determining the mean lineal intercept and lineal intercept
distribution with the aid of image analysis software. A
minimum of 600 intercepts were counted for each tested
condition from a minimum of 10 randomly chosen fields of
view.
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Figure 1—Schematic diagram of the hot simulation test
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The interrupted hot compression tests are based on the
principle that the yield stress at high temperatures is
sensitive to the structural changes. The 0.2% offset yield
strength was used to determine the softened fraction due to
SRX and recovery (Chen, Sui, and Cui, 2014):

w=0) [1]

where o, is the flow stress at the interruption, and o; and o,
are the 0.2% offset stresses of the first and the second
compressions respectively, as shown in Figure 2.

Assuming that recrystallization starts at some critical
softening fraction value, which is 0.2, the SRX fraction, Xj,
can be determined from the softening data using the
following formula (Miao et al., 2012):

F.=(o,-0,)(c

X, =(F,-02)/(1-0.2) [2]

Results and discussion

To illustrate the effects of the process parameters on the SRX
of Ti-Nb microalloyed high-strength steel, the stress-strain
curves at different interpass times, deformation temperatures,
strain rates, and strains were recorded to calculate the SRX
fraction. The influence of the abovementioned variables on
SRX was analysed.

Effect of interpass time

True stress-strain curves for Ti-Nb high-strength steel
deformed at a temperature of 950°C and a strain rate of

0.1 s-1 are shown in Figure 3. It can be observed that by
increasing the interpass time, more static softening occurred
in the deformed specimen, and the second curve dropped
further compared to the previous test. In other words, the
yield stress of the second deformation decreases with
increasing interpass time. Similar results were obtained under
other test conditions. The increase in interval time allows a
longer time for atomic diffusion, increasing the SRX as SRX
is a thermal activation process related to atomic diffusion
(Lin, Chen, and Zhong, 2008; Chen, Sui, and Cui, 2014; Mao
etal,2014).
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Figure 2—The true stress-strain curves of the double-hit compression
test
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Figure 3—Flow stress curves of Ti-Nb microalloyed high-strength steel
with different interpass times

Effect of deformation temperature

Figure 4a shows the relationship between the SRX fraction
and the interval time under different deformation temper-
atures at a strain rate of 0.1 s-! and strain of 0.2. It can be
seen that the softening kinetics of the specimen were
accelerated by increasing the deformation temperature.
Initially, the SRX fraction at a deformation temperature of
1050°C was higher than at 950°C, while the SRX fraction at
950°C was below 60% at the interval time of 100 seconds.
This result indicates that SRX could not proceed to
completion at lower temperatures, but occurred much faster
at high temperature. This is due mainly to the fact that the
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higher deformation-stored energy at higher temperatures
accelerates SRX (Chen, Sui, and Cui, 2014). As SRX is
thermally activated, the SRX fraction increases with
increasing deformation temperature (Mao et al., 2014).

Effect of strain rate

The effects of strain rate on the SRX fraction were obtained at
a deformation temperature of 1000°C and pre-strain of 0.15,
as shown in Figure 4b. The softening was slightly accelerated
with increasing strain rate, which indicates that strain rate
had a small influence on the SRX fraction. Furthermore, the
softening curve corresponding to 0.1 s-1 is lower than those
for strain rates of 1 s-1 or 5 s-1, especially at shorter interpass
times. This is due to the higher strain energy stored in the
deformed sample under high strain rate conditions (Lin,
Chen, and Zhong, 2008). The reduced extent of dynamic
recovery at higher strain rates results in a higher dislocation
density and increases the driving force for SRX during the
interpass time (Lin, Chen, and Zhong, 2008).

Effect of pre-strain

The first deformation should be interrupted below the critical
strain required for DRX. The critical strain for the start of
DRX should therefore be known accurately. Generally
speaking, DRX can be initiated at a critical level of stress
accumulation during hot deformation. However DRX actually
starts at a critical strain (¢.) which is lower than the strain at
peak stress. Only when the strain exceeds ¢, does DRX occur
in a hot deformation process (Ferdowsi et al., 2014). The
point on the flow curve at which the strain hardening rate
equals zero represents the peak stress (o,), and the inflection
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Figure 4—Static softening fraction with different process parameters: (a) deformation temperature, (b) strain rate, (c) strain, (d) initial austenite grain size
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point indicates the critical stress (o,) for the initiation of
DRX. The critical strains can be determined from the
inflection points of the In 6-¢ plots, and the critical stresses
can be subsequently obtained either from the 6-o plots or
from the initial flow curves (Poliak and Jonas, 2003). The
relationship between In 6 and ¢ can be expressed as (Poliak
and Jonas, 2003):

Ing = A&+ Ae® + Ase + Ay [3]

where A;, A,, Az, and A, are constant parameters for each
deformation condition. The second derivative of Equation [3]
with respect to ¢ can be expressed as:

d’In@
de*

=0Ac+2A, [4]

At critical strain for initiation of DRX, the second
derivative becomes zero. Therefore

ee=-A/(3A)) [5]

The In 6-¢ curve and its corresponding third-order
polynomial can yield some data. Using the flow curves, the
values of peak and critical stresses and strains can be
determined. The results are shown in Table I.

DRX occurs at high temperatures and low strain rates,
which means the critical strain for DRX will increase with
increasing strain rate at a given temperature, or increase with
decreasing temperature at a constant strain rate. According to
Table 1, the most likely condition for DRX is 1050°C and 0.1
s-1, and the critical strain at this condition is 0.22, which is
higher than the experimental conditions of strain (0.1, 0.15,
and 0.2). It can therefore be concluded that DRX could not
occur under the given deformation conditions.

The SRX fraction was plotted against the interval time
for three pre-strains of 0.1, 0.15, and 0.2 at a strain rate of
0.1 s-1 and a deformation temperature of 1000°C, as shown
in Figure 4c. It can be observed that an increase in pre-strain
led to an acceleration of the softening kinetics. The figure
also shows that the rate of softening with a pre-strain of 0.1
was low, while the softening fraction was 75% with the
interval time of 100 seconds. This means that softening
under the relatively mild pre-deformation conditions resulted
from recovery. However, for the higher pre-strain conditions
of 0.15 and 0.20, the rate of softening was higher, which
indicates that softening was caused mainly by SRX. This is
due to the increase in dislocation density with pre-
deformation, leading to an increase in the stored energy, thus
resulting in increasing driving force for recrystallization,
thereby speeding up the recrystallization process (Chen, Sui,
and Cui, 2014; Mao et al., 2014).

Table |

Critical and peak strains at different deformation
conditions

Temperature, °C Strain rate 0.1 s
€ & /ey
950 0.25 0.35 0.71
1000 0.23 0.32 0.72
1050 0.22 0.31 0.71
> 454 MAY 2017 VOLUME 117

Effect of initial grain size

The deformation temperature, strain rate, and pre-strain were
held constant as 1000°C, 0.1 s-1, and 0.15, respectively. The
initial austenite grain sizes were 158.8, 96.6, and 61.7 um,
respectively. The effects of the initial grain size and interval
time on the SRX fractions are shown in Figure 4d. It can be
observed that the softening fraction decreased with an
increase in initial grain size. This is because the nucleation of
SRX occurs mainly on the grain boundaries, and larger grains
have less grain boundary area per unit volume, which leads
to a decrease in the density of potential nucleation sites for
SRX (Chen, Sui, and Cui, 2014; Lin, Chen, and Zhong, 2008).

Modelling the kinetics of SRX

The kinetics of SRX softening can be described by an Avrami
equation of the following form (Choi, 2002):

X = l-cxp[-O_(\‘}S(If_)”] e}

where X; is the SRX fraction, 7 is a material-dependent
constant, and ¢, 5 is the time taken to form a recrystallization
volumetric fraction of 50%. The expression most widely used
for ty 5 is (Choi, 2002):

ts = Adje’e" exp[O, /(RT)] [7]

where 4, 7, ¢, and s are material-dependent constants, ¢ is
the true strain, ¢ is the strain rate, R is the gas constant
(Jmol-'K-1, T'is the absolute temperature (K), @, is the
activation energy of recrystallization (k] mol-1), and d,, is the
initial austenite grain size (um).

Taking the logarithm of both sides of Equation [6] twice,
the following expression can be obtained:

In[In( Y =nlni-nlnt,; +1n0.693 [8]

1- X,
The Avrami exponent 7 is obtained by linear fitting and
regression analysis using a range of temperatures and pre-
strains, which results in 7 = 0.58, under the current experi-
mental conditions, as shown in Figure 5.
Taking the logarithm of both side of Equation [7], the
following expression is obtained:

Int). =InA+rind, +glne+sné+Q /(RT) [9]

The values of ¢, s under different conditions can be
derived from the relationships between X; and the
corresponding interval time. Then, by substituting the values
of t, 5 and deformation temperature into Equation [9], the
relationship between In ¢, 5 and 10000/7 can be obtained by
linear fitting and regression analysis, as shown in Figure 6a;
thus Q, can be calculated as 326.05 kJ.mol-!. Similarly, the
values of the material-dependent constants 7, ¢, and s are
calculated as 0.86, -2.75, and -0.28 using Figures 6b, ¢, and
d, respectively. Additionally, the constant A can be derived as
1.37x10-17 based on the obtained material-dependent
constants.

Therefore the SRX kinetics for the Ti-Nb microalloyed
high-strength steel can be represented as:

X, =1-exp[-0.693(1/1,.)"*] [10]
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fys =1.37x107"7 0% g7 502

exp[326050/(RT)]

(1]

Comparison between experimental and predicted
results

In order to verify the developed kinetic equations [10] and
[11] for Ti-Nb microalloyed high-strength steel, the experi-
mental and predicted results were compared. Figure 7
illustrates the comparisons between the experimental and
predicted times for a recrystallized fraction of 50% (Figure
7a) and the recrystallization fraction under different
deformation conditions (Figure 7b). The predicted and
experimental results were in good agreement, indicating that
the proposed kinetic equations could give a reasonable
estimate of the softening behaviour during metal-forming
processes.

Conclusions

(1) The SRX fraction of the Ti-Nb microalloyed steel
increased with increasing forming temperature, pre-
strain, and strain rate, and decreased with increasing
initial austenitic grain size

(2) The kinetics equations for SRX in the Ti-Nb microalloyed
high-strength steel were developed to predict the
softening behaviour induced by SRX, and are expressed
as:
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