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Abstract

Bridge steel has been widely used in recent years for its excellent performance. Understanding the high-temperature
Dynamic Recrystallization (DRX) behavior of high-performance bridge steel plays an important role in guiding

the thermomechanical processing process. In the present study, the hot deformation behavior of Q370qE bridge steel
was investigated by hot compression tests conducted on a Gleeble 3800-GTC thermal-mechanical physical simulation
system at temperatures ranging from 900 °C to 1100 °C and strain rates ranging from 0.01 s~' to 10 s'. The obtained
results were used to plot the true stress-strain and work-hardening rate curves of the experimental steel, with the lat-
ter curves used to determine the critical strains for the initiation of DRX. The Zener-Hollomon equation was subse-
quently applied to establish the correspondence between temperature and strain rate during the high-temperature
plastic deformation of bridge steel. In terms of the DRX volume fraction solution, a new method for establishing DRX

volume fraction was proposed based on two theoretical models. The good weathering and corrosion resistance

of bridge steel lead to difficulties in microstructure etching. To solve this, the MTEX technology was used to further
develop EBSD data to characterize the original microstructure of Q370qE bridge steel. This paper lays the theoretical
foundation for studying the DRX behavior of Q370gE bridge steel.

Keywords Dynamic recrystallization, Materials characterization, Hot deformation, DRX volume fraction model

1 Introduction

High-performance bridge steel is widely used in cross-
sea highways, high-speed railroads, and other projects
due to its excellent properties, including high strength,
high toughness, a low flexural strength ratio, easy weld-
ing, and corrosion resistance [1-3]. Bridge steel is mainly
produced through a high-temperature rolling process.
As the main softening mechanism in the process of the
high-temperature plastic deformation of metal materi-
als, dynamic recrystallization (DRX) is affected by the
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coupling interaction of temperature, strain rate, and
strain. In turn, this coupling interaction determines the
internal microstructure of the material, such as the grain
size and morphology. DRX behavior significantly affects
the mechanical properties of the product [4—6]. There-
fore, the study of DRX behavior of the high-temperature
plastic deformation of metallic materials plays an impor-
tant role in revealing the mechanism of rolling micro-
structure evolution.

In recent years, the study of DRX behavior has received
increasing attentions. Sellars et al. [7, 8] were the first to
apply the Gleeble thermal-mechanical physical simula-
tion machine to conduct a large number of experiments
to establish a DRX model based on the Avrami function
during the high-temperature rolling of metallic materi-
als. Siciliano et al. [9] demonstrated the importance of the
DRX of the high-temperature austenite phase in the hot
rolling process for grain refinement. El-Shenawy et al. [10]
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verified the feasibility of the Gleeble-3500 physical simula-
tion machine to simulate the microstructure transforma-
tion of materials during the rolling process. The researchers
simulated the complex continuous rolling process via hot
simulation experiments, showing that the physical simula-
tion could effectively reduce the experiment and produc-
tion costs. Fan et al. [11] studied the controlled rolling and
cooling process of bridge steel. The results indicate that the
microstructure is primarily composed of non-equiaxed fer-
rite grains with a martensite/austenite (M/A) constituent
dispersed at the grain boundaries in specimens with heat-
treatment on-line process temperature. The authors mainly
focused on the phase transformation process during the
rolling process of bridge steel and did not investigate the
recrystallization behavior.

Duan et al. [12] investigated the DRX behavior of 34CrN-
iMo6 steel and developed a kinetic model for the DRX of
the material based on the Avrami function. The researchers
applied optical microscopy to characterize the microstruc-
ture evolution of the material during high-temperature
deformation, and then predicted the DRX behavior of the
material during high-temperature hot deformation using
the deform finite element simulation. The results showed
that the finite element simulation provides a theoretical
guidance and process optimization for the metal mate-
rial-forming process. Zhang et al. [13] studied the DRX
behavior of magnesium-aluminum alloy during high-tem-
perature plastic deformation, established a DRX volume
fraction model based on traditional methods, and applied
EBSD technology to analyze the microstructure trans-
formation mechanism of DRX of magnesium-aluminum
alloy. The researchers concluded that the type of DRX is
related to the deformation temperature, and then applied
Abaqus finite element simulation technology to simulate
the grain size change law of magnesium-aluminum alloy
during high-temperature plastic deformation. The results
showed that the established model could better predict the
microstructure change during material deformation. Wang
et al. [14] studied the DRX behavior of 15V38 steel, deter-
mined the critical strain for DRX by analyzing the flow
stress, and established the correspondence of DRX critical
conditions using the Zener-Holloman equation. In addi-
tion, the researchers established the DRX volume fraction
model and simulated the DRX volume fraction of the mate-
rial by finite element simulation for the multi-pass rolling
process. The results showed that the DRX volume fraction
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temperature. However, the researchers did not study the
microstructure transformation mechanism under the high-
temperature hot deformation of the material using the
microstructure characterization technique.

Research on the recrystallization behavior of high-
temperature plastic deformation of metallic materials
has been mainly focused on the combination of kinetic
modeling, microstructure characterization, and numeri-
cal simulation to study the DRX behavior of materials in
high-temperature deformation process. Therefore, in this
paper, the high-temperature flow behavior of bridge steel
under different hot deformation parameters was obtained
by hot compression experiments. Then, kinetic modeling
was performed to predict the DRX volume fraction of
bridge steel under different hot deformation parameters.
The microstructure characterization of bridge steel was
carried out using MTEX technology. This study provides
a scientific basis for the design and optimization of the
rolling process of bridge steel.

2 Experimental Materials and Methods

The material used in this experiment was commercial
bridge steel Q370qE. The chemical composition and orig-
inal microstructure of the experimental steel are shown
in Table 1 and Figure 1, respectively. As shown in Fig-
ure 1, the original microstructure consisted of similarly
sized grains. The average grain size was measured to be
about 35 um by using the intercept method. The Acl and
Ac3 temperatures were determined from the dilatometric

increased significantly with the increase of the deformation technology

Table 1 Chemical composition of the steel (wt.%)

C Mn P S Si Nb Ti Fe
0.16 15 0.01 0.003 0.2 0.04 0.015 Bal.
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data obtained by the dilatometer DIL 402. As shown in
Figure 2, Acl and Ac3 of the strip were determined to be
706 C and 837 C, respectively. The experimental tem-
perature was determined based on the obtained criti-
cal transition temperature. The equivalent substitution
method was used to physically simulate the flexible roll-
ing process with different rolling reductions. To study
the material flow behavior during the high-temperature
plastic deformation of the experimental steel, cylindri-
cal specimens of 12 mm height and 8 mm diameter were
cut from the strip. The flow behavior was measured in
uniaxial compression using the Gleeble 3800-GTC ther-
mal-mechanical physical simulation system. Prior to the
experiment, the molybdenum disulfide lubricant was
applied to both sides of the cylindrical sample. Tantalum
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Figure 2 Variation in thermal expansion with temperature
during the heating process of the experimental steel
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foil with a thickness of 0.1 mm was placed between the
anvil and specimen to reduce friction, avoid adhesion,
and improve the stability and uniformity during deforma-
tion. The graphite was cut to a disc with a diameter 2 mm
larger than the initial diameter of the specimen. Then, the
disc was inserted between the anvil and the specimen to
increase the electric resistance at the interface to achieve
temperature uniformity over the specimen axis. A K type
thermocouple was placed in the longitudinal center of
the specimen to measure the temperature. The thermal
simulation experimental procedure is shown in Figure 3a.
The specimens were heated to 1150 ‘C at a heating rate of
10 °C/s and held for 240 s to ensure the microstructure
was uniformly austenitized. Then, the specimens were
cooled to the deformation temperature at a cooling rate
of 5 C/s and held for 60 s to eliminate the temperature
gradient. Subsequently, the specimens were subjected
to unidirectional hot compression experiments in an
argon atmosphere with a reduction of 53%. Five tempera-
tures (900 °C, 950 ‘C, 1000 C, 1050 °C, and 1100 C) and
four strain rates (0.01 s}, 0.1 s7, 1 s7}, and 10 s7!) were
selected in the hot compression test to simulate the flex-
ible rolling process, as shown in Figure 3b. To reserve the
high-temperature initial austenite microstructure, the
specimens were quenched immediately to room temper-
ature after holding. The samples were cut along the axial
direction. After mounting and polishing, the samples
were vibrationally polished in the silica suspension solu-
tion for 2 h. The processed samples were analyzed using
a Zeiss Sigma 500 scanning electron microscope (SEM)
equipped with a HKL Channel 5 EBSD system to deter-
mine the morphologies and distributions of the grain
boundaries. Due to the low carbon and phosphorus con-
tent of the specimen, it was difficult to etch the austenite
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Figure 3 Experimental design: (a) Experimental procedure, (b) Deformation parameters
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grain boundaries using Bechet-Beaujard method. In this
paper, the MTEX methodology was used to further ana-
lyze the EBSD data to characterize the initial austenite
microstructure.

3 Results and Discussion

3.1 Flow Stress Behavior

Figure 4 shows the flow stress curves of the experimen-
tal steel with different deformation conditions. From
the figure, the flow stress varies with the deformation
temperature and the strain rate. Under some deforma-
tion conditions, the flow stress curve had a peak stress,
i.e,, as the strain increased, the flow stress curve did not
continue to increase, but instead tended to decrease and
then reach a steady state. These results are consistent
with the conclusions obtained from recent studies [15].
From Figure 4, the flow stress gradually decreased with
the increase of the deformation temperature at a certain
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strain rate, and increased with the increase of the strain
rate at a certain deformation temperature. For example,
the peak stress decreased from 114.6 MPa at 900 °C to
42.6 MPa at 1100 °C with a strain rate of 0.01 s*. The
peak stress increased from 114.6 MPa at 0.01 s™ to
195.2 MPa at 10 s™! with a deformation temperature of
900 °C. Some studies have shown that the DRX behavior
of the material can be seen in the flow stress curves [16,
17]. To better understand the DRX behavior of materials
on the flow stress curve, the material’s flow stress curves
during hot processing are shown in Figure 5. The work-
hardening (WH), dynamic recovery (DRV), and dynamic
recrystallization (DRX) behavior of the material during
thermomechanical processing can be observed in Fig-
ure 5. DRV and DRX are the dynamic softening process
during a thermomechanical processing process. In the
early stages of deformation, due to the work-hardening
effect, the stress increases rapidly with the increase of the
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Figure 4 Flow stress curves under different deformation states: (@) 0.01 57", (b) 0.157",(c) 157, (d) 105~
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Figure 5 Schematic representations of the flow stress curves

strain. When the deformation reaches the critical state of
dynamic recovery, dynamic recovery softening occurs,
which is manifested as a slower rate of stress increase.
When the deformation increases to the critical state of
the DRX ePRX, the DRX softening occurs. After the flow
stress reaches the peak stress 0y, the flow stress decreases
with an increase of strain. Finally, the flow stress reaches
a stable state oy, which indicates that the work hardening
and dynamic softening have reached the dynamic equi-
librium state. The DRX has the most significant softening
effect on the material during hot processing. Therefore,
understanding the DRX behavior of the material plays an
important role in optimizing the rolling process and dis-
tributing the mill load.

From above analysis, the critical strain is a key param-
eter of the DRX. The critical strain mainly depends on
the accumulated energy of the deformation process. In
recent years, several methods have been proposed to
identify the critical strain of the DRX [18-20]. Here, the
mathematical modeling method was used to obtain the
critical strain &, for the DRX. The procedure for deriving
the critical strain involves drawing the work-hardening
rate |d0 /de | versus the o curve. Then, the derivative of the
work-hardening rate |—d6 /do ‘ versus o is calculated, and
the minimum value is the inflection point of ‘da/ d8| —o.
Following this method, the critical strains of the DRX
under different deformation conditions are shown in Fig-
ure 6. In the initial stage of the deformation, the mate-
rial was mainly affected by the work-hardening rate and
dynamic recovery, and the flow stress decreased slowly.
This period represents the formation process of the sub-
grain microstructure [21]. When the strain reaches the
DRX critical strain, the softening effect is greater, and
the flow stress decreases rapidly. The DRX is the main
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softening mechanism of high-temperature plastic defor-
mation, which results in a faster decrease in the flow
stress until the work-hardening rate is zero, i.e., the peak
stress oy, is obtained. From Figure 6, the critical strain of
the DRX decreased with the increase of the deformation
temperature. When the critical strain is determined, the
critical stress can be determined as well. From Figure 7,
linear relationships between o, and o, €, and &, can be
observed at different deformation conditions.

During the high-temperature plastic deformation of
materials, the hot deformation parameters (strain, stress,
and strain rate) have an important influence on the DRX
behavior [22—24]. The thermally activated storage energy
during high-temperature plastic deformation is a key
parameter to induce the DRX behavior of the material.
Arrhenius-type models were used to illustrate the rela-
tionship between the thermally activated storage energy
and the deformation behavior. The Zener-Hollomon (Z)
parameter was designed to represent the coupling effect
of the deformation temperature and the strain rate [25]:

Z = éexp<RQT>. (1)

Sellars et al. [26, 27] proposed a hyperbolic sine func-
tion to indicate the relation among the thermodynamic
parameters:

Ajo™exp (— R%) (o < 0.8,low stress level),
Azexp(Bo)exp (— %) (aa > 1.2, high stress level),
Al[sinh(ao)]"exp (— R%) (all conditions),

2)

where A1, Ay, A, n, n1, and B are the materials constants;
«a is the stress multiplier, @ &~ 8/n;; Q is the activation
energy for deformation (kJ/mol); & is the strain rate (s™);
T is the absolute temperature (K); R is the gas constant
(8.314 J/mol); and o is the flow stress (MPa). To facili-
tate the acquisition and calculation, the peak stress o,
is generally used to represent o. All the parameters in
Egs. (1)-(2) can be obtained using the natural algo-
rithm method described in Refs. [25, 28, 29]. There are
linear relationships between Iné —Ino, and Iné — oy,
In [sinh (oeap)] —1/T and Iné — In [sinh (ozap)], as shown
in Figure 8. The average slopes between Iné and Inoy, Iné
and o, were calculated: the material constant r; = 7.998,
B = 0.073 MPa~!l. Then, « was obtained as 0.009. The
activation energy Q for a constant strain rate can be
expressed as:

dlné dlnsinh(xo)
dln[sinh(ao)] T{ 0(1/T) }é. ®)

Q=R




Liu et al. Chinese Journal of Mechanical Engineering (2023) 36:114 Page 6 of 11

600 600
1(a) £=0.015" (b) &=0.1s"
. WH+DRV .
500 WH-+DRY o Inflection 500 o Inflection
S -\ ) —900C g
S 400 — 950 C = 400
Q — 1000 C 2 1000 C
s —— 1050 C s 1050 C
& 300 — 1100 C e 300 1100 C
£ £
Q Q
T 2001 T 200+
= =
4 v
s 100 + S 100
= =z
WH+DRV+DRX WH+DRV+DRX
0 ] | 0 | JI)
Peak stress Peak stress
-100 T T T T T T T T T T T T T ‘100 T T T T T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
Stress (MPa) Stress (MPa)
600 600
(C) e=l1s’! (d) e=10s™
500 o Inflection 500 o Inflection
= = — 900 C
é 400 E 400 — 950 C
= = — 1000 C
£ 5 ~—— 1050 C
on 300 on 300 — 1100 C
£ £
= =
Q Q
T 200 T 200
= =
4 2
5 100 S 100
= =
WH+DRV+DRX """\ WH-+DRV+DRX
0 U A 0 M N
Peak stress Peak stress
_IOO T T T T T T T T T _100 T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200 40 60 80 100 120 140 160 180 200 220 240
Stress (MPa) Stress (MPa)

Figure 6 Work-hardening rate curves under different deformation states: (@) 0.01s™", (b) 0.157",(c) 157, (d) 105~

200 (b)
180 -
160 -
140 -

120

Critical strain

100

Critical stress (MPa)

80

60 7 R?=0. 997

40

T
T T T T T T T T
0.0 01 0.2 03 . 04 0.5 06 20 40 60 80 100 120 140 160 180 200
Peak strain

Peak stress (MPa)
Figure 7 Relationship between peak state and critical state: (a) Peak strain versus critical strain, (b) Peak stress versus critical stress




Liu et al. Chinese Journal of Mechanical Engineering (2023) 36:114 Page 7 of 11

3 3
(a) v Ao 1 (b) v Ao
27 900 °C 21 900 °C
e 950°C ] e 950°C
' A 1000°C 7 A 1000°C
v 1050 °C 1 v 1050 °C
04 @ 1100°C 01 ¢ 1100°C
‘W -1+ w -1
= 277
24 24
-3 3 4
4 4
-5 .54
T T r T y T g T T v T T T v
3.5 4.0 45 5.0 55 35 4.0 45 5.0 5.5
Inoy, Inoy,
3
1.5 (c) 0.015" (d) ® Vv 4
! 2
e (O.ls 900 °C
1.0 ' 1 ® 950°C
' A 1000 °C
. o v 1050 °C i /e
Z 054 & 1100°C
3 W -1
= =
% 0.0 4 24
-0.5 - =
4
-1.0 =
-5 4
i i . T T T T T T T T T T T T
070 073 080 083 45 -0 05 00 05 10 15

T{107*K™) In[sinh(ao,)]

Figure 8 Linear regression fittings of (a)Iné — Inoy, (b)Iné — o, (€)In[sinh (aeap)] — 1/T, (d)Iné — In[sinh(ewa) ]

The average slopes between In[sinh(xo)] and 1/7T, and
between Iné and In[sinh(xo )] were fitted out, as shown in
Figure 8. The Q value was calculated to be 404.806 kJ/mol.

The natural logarithm function was used to calcu-
late the last material constants A and #, which can be
obtained based on the linear correlation between InZ and 404
In [sinh (aop)}, as shown in Figure 9.

48

44 I

The values of A and # were found to be A = 4.79 x 10'° S 36-
and n = 5.789, respectively. Eqs. (1) and (2) can be
expressed as: 32 -
404806
& = 4.79 x 10'°[sinh(0.0095)]>7%exp (— o7 ) 2 -
(4) 24 T T T T T
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3.2 Establishment of the DRX Volume Fraction Model

DRX is a dynamic softening mechanism during the high-
temperature plastic deformation of materials. There are
many published studies on the calculation of DRX vol-
ume fraction [30-34]. Different physical parameters in
DRX models represent different meanings, as explained
in the above mentioned model calculation section, and it
is noteworthy that some studies have used peak stress o,
instead of saturation stress oy, [35, 36]. As discussed in
the analysis in Section 3.1, the initiation point of the DRX
is at the critical strain, and replacing the saturation stress
osa with the peak stress o, causes errors. In the model
prediction analysis, the higher prediction DRX model
depends on the internal softening mechanism of the DRX
grains from the onset to the final evolution of the DRX.
Therefore, it is appropriate to use the difference between
the DRV saturation stress and steady stress as the DRX
driving force. In this paper, a new DRX volume fraction
model was proposed in combination with the methods
proposed by Zahiri et al. [37] and Jonas et al. [38], as
shown in Eq. (6):

Orecov — O
XDRX =

s 6
Osat — Oss ( )
where Xprx is the DRX experimental volume fraction,
Orecov 18 the DRV stress, o is the flow stress, oy, is the sat-
uration stress, and oy is the steady state stress. o and o
can be determined from the flow stress curves. 0eqoy can

be calculated by the following equations:

0 = do/de = s0yecoy + £, (7)
§ = —0:(0sat — 0c), (8)
t = 0:054t(Tsat — 0¢), (9)

where 0, is the work-hardening rate corresponding to the
critical stress. Then, 0,¢¢oy is estimated:

Orecov = [(S0 + t)exp(se — se.) — t]/s. (10)

The Xprx can be calculated from the above equations
to further develop the predicted DRX volume fraction.
The following equation can be used to predict the DRX
volume fraction under different deformation conditions
[39]:

_ k
XDRX:I—eXp<—b<€ 85) ),
€p

where k and b are constants under different deformation
conditions. Combining Eq. (11) with Eq. (6), the follow-
ing equation can be obtained for the natural logarithms
on both sides:

(11)
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In[—In(1 — Xprx)] = Inb + kln(s — Sc) . (12)

€p

The above mathematical model allows to obtain the
experimental and predicted DRX volume fraction under
different deformation conditions. As shown in Figure 10,
the predicted values were all highly consistent with the
experimental value of the theoretical model. Figure 10,
the DRX volume fraction was higher at lower strain
rates. At a certain temperature, the DRX volume fraction
gradually decreased with the increasing strain rate. The
DRX volume fraction increased with the increasing tem-
perature at a certain strain rate. At a lower strain rate and
high temperature, the DRX volume fraction increased
from 0 to 100%, indicating that a stable DRX process
occurred. The increasing DRX volume fraction increas-
ing rate underwent three stages: (1) The DRX volume
fraction increased slowly with the increase of strain, (2)
the DRX volume fraction rapidly increased, and (3) the
DRX volume fraction increasing rate gradually decreased
when the DRX volume fraction was close to 100%. For
this kind of bridge steel, the deformed material acquires
sufficient DRX behavior only at lower strain rates and
higher temperatures. In this paper, the test steel exhibited
significant DRX at the strain rate of 0.01 s™*. Therefore,
the average values of k and b were calculated from these
deformation conditions [14]. The value of k was 2.2 and b
was 1.6. Then, the predicted DRX model can be derived
and expressed as:

e — e\ 22
Xprx =1 —exp| —1.6 .
€p

4 Conclusions

This paper investigated the Q370qE DRX behavior of
bridge steel under different deformation conditions. The
following conclusions were obtained:

(13)

(1) The flow stress curves of the experimental steel
show that the DRX type curves were obtained at
lower strain rates and higher temperatures. The
peak stress of the flow stress curves varied with the
hot deformation parameters.

(2) The critical strain g, and critical stress o, for DRX
can be obtained from the work-hardening rate ver-
sus the stress curves during high-temperature plas-
tic deformation. There are a linear relationships
between the critical strain and peak strain, critical
stress and peak stress.

(3) The average activation energy at the specified defor-
mation conditions was 404.806 kJ/mol. The Zener-
Hollomon equation was developed to describe the
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Figure 10 Comparison of the predicted and experimental Xpgrx values

deformation behavior of the material with the cou-
pling effect of the strain rate and temperature dur-
ing high-temperature plastic deforma-
tion.z — éexp(%> — 479 x 10%[sinh(0.0095)]>7%.
(4) A new predicted DRX model was proposed by
combining the theoretical models. The experimen-
tal and predicted Xprx values were compared. The
new predicted DRX model has a formula of
Xprx = 1 — exp (—1.6(8;—50)2‘2) which in a good
agreement with the experimental results.
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