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Abstract: In view that the traditional dynamic recrystalli-
zation (DRX) model cannot effectively predict the DRX
process in the hot deformation process of sheet metal,
DRX behavior modeling and simulation of g890 steel plate
based on the plane strain compression test are designed.
The plane strain thermal simulation tests were performed
at 1,223-1,373K and the strain rates of 1-50~! on Gleeble-
3500 thermal-mechanical simulator. The flow stress
curves were well smoothed. The stress—strain data were
investigated for the analysis of the dynamic recrystalliza-
tion in the process of thermal deformation. The activation
energy of DRX was calculated as Q = 394.53 kJ/mol by the
simulation data. The equation of peak strain was devel-
oped with the flow stress data by the Zener—Hollomon
parameter. The DRX transformation fraction of Q890 steel
was studied, and the DRX kinetics equation was devel-
oped by the Avrami equation. The experimental data are
in good agreement with the calculated values, which
proves the reliability of the DRX model and can be widely
used in real life.

Keywords: plane strain, flow stress, thermal deforma-
tion, dynamic recrystallization

1 Introduction

Continuous heat processing of metallic materials requires
the evaluation of product quality with a given technology.
Therefore, the predictions of the heat processing results
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are important for online process or off-line process.
During hot deformation, dynamic recovery (DRV) and
dynamic recrystallization (DRX) are the main mechanism
to balance the work hardening. The model of the
thermomechanical processing of steels is established by
the thermomechanical parameters such as temperatures
and strains. The major influence on microstructure
evolution is the dynamic recrystallization that occurred
under given conditions. Some methods for modeling the
progress of dynamic recrystallization were introduced to
describe the softening. The procedure was established
through the analysis of stress—strain curves. McQueen
and Ryan [1] discussed the dynamic recrystallizaion of
different metallic materials including micro-alloyed
steels and stainless steels. Based on the research of
the critical strain, the initiation of dynamic recrystalliza-
tion is to be determined. Many authors also made
contribution for the development of models, such as
Jonas et al. [2], Rossi and Sellars [3], and Khoddam and
Hodgson [4]. Most of the models are established by
torsion tests or cylinder specimen compression tests
[5-7]. Compared with the cylindrical compression test,
there is no bulging phenomenon in the process of plane
strain compression, and the frictional force of plane
strain compression contact surface is smaller. In addi-
tion, the stress state of the plane strain experiment is
closer to that of the hot rolling plate process. The DRX is
a complex thermomechanical process, and the aim to
this study is to determine the critical strain and the
critical stress in the DRX, which can be disposed in many
ways [8-10]. The hardening and recrystallization beha-
viors vary for different materials [11,12]. Therefore, it is
necessary to study the parameters of DRX for specific
materials.

The main aim of this study is to analyze the hot
deformation behavior of Q890 micro-alloyed steels,
which can be used for die materials. Based on the plane
strain compression tests, the effects of the critical strain,
deformation temperature, and strain rate were investi-
gated, which are used for developing the kinetics model
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of dynamic recrystallization for Q890 micro-alloyed
steels. The integrated equations are proposed to predict
the softening behaviors induced by dynamic recrystalli-
zation in the studied material.

2 Experiments

The chemical compositions of Q890 steel are as follows
(wt%): C, 0.16; Si, 0.29; Mn, 1.27; Cr, 0.35; Mo, 0.51; Ni,
0.38; Fe, balance. The simulated sample with the length
of 20 mm, the width of 15 mm, and the height of 10 mm
was machined from the hot rolling plate. To reduce
friction and to guarantee the parallel degree, which
could produce an effect on experiment precision of
stress—strain curves, the sample was carefully polished.
The plane strain compression tests, which are used to
simulate flat rolling as shown in Figure 1, were
conducted on Gleeble 3500 testing machine. The defor-
mation forces, stain, and the metal flow direction of the
plane strain simulation are all in the same direction as
those found in the flat rolling. In the process of plane
strain experimental, the conditions of stress—strain state
are closer to flat rolling than that of the cylindrical
compression test. Compared with the cylindrical com-
pression test, the bulging and the high friction can be
minimized in the plane strain compression test. By using
high resistance anvils, less than 1% thermal gradient
from anvil to anvil can be obtained with the sample size
used in this experiment. Test process diagram is shown
in Figure 2. The specimens were first heated at a heating
rate of 5 K/s to a soaking temperature of 1,473 K and held
for 5min, thus making the austenitic microstructure
homogenizing treated. Then, the temperature of sample
was decreased to a certain temperature at a rate of 5K/s,
holding 30 s at uniform temperature before deformation.

Steel sheet

Sample

Flat Rolling Plane Strain Simulation

Figure 1: Schematic diagram of plane strain simulation.
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Figure 2: Experimental process of plane strain simulation.

The compression tests carried out at a height reduction of
60%. The simulation temperatures were 1,223, 1,273,
1,332, and 1,373 K. The test parameters of strain rates
were 157!, 5s7%, 107", and 50". GLEEBLE-3500 auto-
matically collects the real stress, true strain, pressure,
temperature, displacement, time, and other experimental
data and then draws the true stress—true strain curve by
Origin software.

3 Results and discussion

3.1 Flow stress behavior strain and
strain rate

The true stress—strain curves of Q890 steel under different
deformation conditions are shown in Figure 3. According
to the data of stress—strain curves, it is need to separate
the part of DRV and DRX. It is also found that the flow
stress decreases rapidly with the lower deformation
temperature for a certain strain rate. In the process of
DRV, it is an ascending trend that the stress increases
with strain. However, while the DRX occurred in a certain
compression test, the flow stress decreased in critical
condition. From the curves show in Figure 3, it has three
distinct stages obviously. In the first stage, the flow stress
increases rapidly to a critical value because of work
hardening behavior in the deformed steel. In the second
stage, the dynamic recrystallizaion is initiated at a critical
strain, which results in more softening to balance the
work hardening. A maximum value of stress can be found
in the stress—strain curves. In the third stage, in the
continuing dynamic recrystallizaion, the curves have a
steady state. The main factor is that the temperature and
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Figure 3: Flow stress curves of plane strain simulation under temperatures of (a) 1,223 K, (b) 1,273 K, (c) 1,323 K, and (d) 1,373 K.

strain rate affected the DRX. The DRX occurs more rapidly
in a certain strain rate, while the deformation temperature
increases. Therefore, a typical curve of the dynamic
recrystallizaion softening includes a peak stress value and
a steady-state process. At constant strain rate, the higher
the temperature is, the more likely it is to induce grain
boundary migration of DRX. In contrast, under the
condition of the lower strain rate, the dynamic recrys-
tallizaion would be more likely to happen [13-15].

During DRX, the main influencing factors are the
temperature and strain rate, which are used in the hot
deformation process of the plane strain experimental.
When the parameter of the strain rate is constant, the
higher the hot deformation temperature is, the faster the
DRX occurs. Therefore, once DRX occurs, there must be a
peak stress in the flow stress curve. The stress value
tends to be stable. DRX usually occurs at the boundary
of the original deformed particles. Normally, lower
strain rate and higher deformation temperature are
considered to contribute to the initiation of DRX in hot
deformation.

3.2 The initiation of DRX

In the early stage of high temperature deformation, the
specimen is in elastic deformation, which should be
removed before processing the data. The starting point of
fitting data was at the 2% of the total strain, which was
considered that the stress value on sample was over the
yield stress. As shown in Figure 4(a), an example of an
experimental curve was given. The experimental para-
meters of compression were at 1,273 K and a strain rate of
1057, The ninth-order polynomial fitting curve starts from
0, which was decided by the yield principle mentioned
earlier. The fitting curve was precise within about 1% as
shown in Figure 4(b). The reasons of experimental errors
were due to temperature fluctuations and load measure-
ment, as well as nonlinear plastic deformation process.
In the DRX, the stress corresponding to the critical
strain is the critical stress. To determine the values of the
critical stress, the strain hardening rate (6 = do/de) was
calculated from the flow curves. This method was
employed to define the critical stress as shown in
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Figure 4: Fitting of the experimental flow stress curve at 1,273 K and a strain rate 10 S7L (a) The curve was fitted with a ninth-order

polynomial. (b) The errors of the fitting values.

Figure 5. If DRX occurs, the rate of reduction of
hardening rate will decrease. The critical value of the
hardening curve is defined as the critical stress. When
the value of 8%0/d07 is zero, the critical stress o, could be
found under the condition of 8 = 0. Once the strain on
the specimen is over the critical strain &. corresponding
to the critical stress, the DRX will be initiated, which
causes more softening. The peak stress o, is the
maximum stress in the experiment. The value of the
peak stress can be defined by the hardening rate 6 falling
to zero. By using this method, 16 flow curves were
analyzed to identify the initiation of the critical stress.
According to the critical stress, the corresponding critical
strain could be obtained from the flow stress curves. The
values of the critical stress and peak stress were
presented in Table 1. The ratio between the critical stress
and peak stress is linear, depending on the temperature
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Figure 5: Hardening exponent 6 versus flow stress.

and the strain rate. Therefore, the trends were deter-
mined as 0. = 0.940, as shown in Figure 6. There is a
linear relationship between the critical stress 0. and the
peak stress oy,

Figure 7a and b shows variation of the critical stress
o. with 1/T for different strain rates and with & at different
T. This figure shows that the critical stress is dependent
on both strain rate and temperature. The slope of each
plot in Figure 7 shows that the critical stress is sensitive to
reciprocal of temperature range of 7.28 x 10™* to 8.18 x
10 K™ and strain rate range of 1-50s". At the same
temperature, the critical stress growth decreases with the

Table 1: Values of &,, o, &, and o. under different plane strain
experimental conditions

Strain Temperature (K) &, o, (Mpa) & o. (Mpa)

rate

(s™

1 1,373 0.375 115.16 0.270 109.76
1,323 0.490 160.64 0.366 155.37
1,273 0.522 181.28 0.401 179.28
1,223 0.512 202.82 0.344 198.67

5 1,373 0.414 139.50 0.362 138.46
1,323 0.354 187.76 0.273 180.48
1,273 0.445 204.26 0.362 201.30
1,223 0.476 233.31 0.384 229.62

10 1,373 0.327 162.68 0.221 156.30
1,323 0.461 211.29 0.372 207.05
1,273 0.355 244.24 0.245 239.30
1,223 0.309 267.94 0.217 262.00

50 1,373 0.225 185.68 0.151 177.31
1,323 0.253 247.89 0.180 238.59
1,273 0.218 282.23 0.157 268.12
1,223 0.213  312.69 0.178 290.62
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Figure 6: The critical stress versus the peak stress.

increase of the strain rate as shown in Figure 7b, which
also shows that the increase of internal distortion energy
caused by the acceleration of deformation rate promotes
the start-up of DRX. Under the condition of high strain
rate, the nucleation mode of recrystallization is different
from that of the low strain rate.

3.3 Arrhenius equation for flow behavior
with DRX

In the hot working process of steel plate, the occurrence
of DRX is due to the accumulation of distortion energy in
metal caused by work hardening during thermal
deformation. While the accumulated energy exceeds
the critical value required for DRX, DRX occurs in the
deformed grain boundary. The activation energy of DRX,
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which is the important parameter for the initiation of
DRX, could be calculated from the stress—strain curves.
The Arrhenius equation is mostly used to study the
thermal deformation behavior and deformation activa-
tion energy in thermal simulation process [16,17]. In this
study, the method is also used to discuss the thermal
simulation of plane strain and to establish the DRX
constitutive equation of Q890 hot rolled plate during hot
deformation. To construct DRX equation, the most
important Zener—Hollomon (Z) parameter is introduced,
which is expressed in equation (1). The Z parameter is
considered as the function of temperature and strain rate
on DRX during hot deformation [18]. With the increase of
Z parameter, the grain size after DRX decreased, but when
the strain rate exceeded the critical value, the grain size
increased [19]. The DRX behavior in the process of high
temperature deformation can be studied by Z-parameters
in both compression and tension states [20]. The
Arrhenius equation shown in equation (2) is used to
calculate the activation energy of DRX. The gas constant R
is 8.31]/mol K, and the stress factor is 0.012 MPa™".

_: Q
Z =¢€exp (RTJ 0))]
& = A{sinh(ao)}" exp(-Q/RT) 2

When the strain rate is constant and 1/T is a variable, the
derivation of the equation (2) is obtained to construct the

DRX activation energy equation expressed as
9[ In sinh .
Q= Rn[%} = RnG. When the temperature is
B

constant and Insinh(aoy,) is a variable, the result of
derivation of equation (2) is expressed as

_ dlné

= 3in sinh(aop)] |, Since the activation energy Q and
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Figure 7: Variation of (a) the critical stress o, with 1/T for different strain rates and (b) with £ at different T values.
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3.4 DRX kinetic model

When the strain rate is constant, the DRX fraction can be
constructed by the Avrami equation, as shown in

€p

Xp=1- exp[—o.693£—‘9 — 8(:} } (3)

The value of the peak stress is mainly related to
the strain rate and the temperature [21]. So the value of
the peak stress can be expressed as spza(Z/Al)b.
The linear relationships between In(ep) and In(Z/A;)
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the stress exponent n are material constants, In sinh(ao;,)
was used to plot with Iné and 1/T, respectively. The
results are shown in Figures 8 and 9. The average slope
values are n = 3.45 and G = 13,778. The activation energy
Q of DRX is 394.53kJ/mol. The larger the deformation
activation energy, the more difficult the DRX is. The
activation energy of DRX is affected by the carbon
content and alloy elements in steel.

The parameters Z and {sinh(ac)}" were calculated by
the data of 16 flow stress curves, combing equations (1)
and (2). The result is shown in Figure 10, and thus, A;
value is 9.75 x 10%.

With the data of 16 flow stress curves, the process of
DRX could be considered with the thermal parameter Z
that is combined with the stress, the strain rate, and the
temperature. When the strain rate and temperature are
constant, the occurrence state of DRX can be judged
under different strain conditions.

G=13778
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Figure 9: The relationships between Insinh(aop) parameter and 1/T.

were fitted out as show in Figure 11. The function
expression is &, = 0.197(Z/4,)°'°°. According to the
data of flow stress curves, the average value of e./¢,
is 0.6.

During hot deformation, when DRX occurs, the

relationship between the DRX fraction and the stress
_ gdx

can be expressed as Xp = 2~
Op — Oss

is the instantaneous stress value in the hot
deformation process [23-25]. When work hardening

and DRX softening reach dynamic equilibrium, the flow

stress value tends to a steady-state stress value as 0.

[22]. The parameter of

ogdx

The linear relationships between Inln (ﬁ) and

£-&

In (8—) were fitted out as shown in Figure 12. The

P
average slope value is m = 2.57.

The DRX kinetics model can be obtained by the
determined m value as shown in equation (4).

2.57
Xp=1-exp {—0.693(—8 — ecj ] (4)
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Figure 10: The relationship between Z parameter and {sinh(ao)}" .
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To verify the accuracy of the model, the strain rate of
1S was compared with the simulated values shown in
Figure 13. The computed results are in good agreement
with the actual values, which shows that the DRX model
constructed in this article can effectively predict the DRX
evolution process of Q890 steel during the plate hot
deformation [26,27].

The deformation process of plane strain experiments
is closer to the deformation process of plate hot rolling
when compared with the compression process of
cylindrical specimen [28]. Therefore, the dynamic model
constructed in this article is more suitable for predicting
the DRX process of plate hot deformation. Through the
GLEEBLE-3500 testing machine, the true stress—strain
curves under different deformation conditions were
obtained by isothermal compression of q890 steel plate.
It was found that the alloy is prone to DRX under the
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Figure 12: The relationship between In In (ﬁ) and In (E"gc).
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Figure 13: Comparison of calculated value with experimental
ones (& = 1s71).

condition of low strain rate, and the stress—strain curve
is of DRX type. When the strain rate is high, the alloy is
prone to DRV, and the stress—strain curve is of DRV type;
the alloy has positive strain rate sensitivity.

4 Conclusions

In this article, DRX behavior modeling and simulation of
890 steel plate based on the plane strain compression
test are proposed. Plane strain hot compression tests of
Q890 hot rolled steel plate was carried out under different
strain rates and deformation temperatures. In the process
of the plane strain thermal simulation experiment, the
main factors affecting DRX are strain rate and deforma-
tion temperature during hot deformation. Normally, the
lower the strain rate and the higher the deformation
temperature, the more likely it is to happen DRX. The
trend chart between hardening exponent and stress was
established by analyzing the data of the stress curves.
Thus, the relationship between the critical stress and the
peak stress is determined as o = 0.940;,.

The DRX occurs when the accumulated energy of
thermal deformation exceeds the activation energy of
DRX. The effect of strain rate and temperature on DRX
during hot deformation can be studied by the parameter
Z. The activation energy of DRX of Q890 steel plate is Q =
394.53 kJ/mol. The DRX kinetics model of Q890 hot rolled
steel plate during plane strain thermal simulation was
established by using the Avrami equation. By comparing
the simulated data with the actual data, the results are in
good agreement. The model can effectively predict the
DRX process in the hot deformation process of plate
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metal. Also, SEM and TEM can also be used to study the
phase transformation and the second-phase particles in
the process of thermal deformation and to further reveal
the evolution rule of microstructure.
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