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Abstract: High-strength rebar plays a supporting role in
large engineering structures due to its excellent perfor-
mance. In this study, the effect of different isothermal
time treatments (30, 60, 100, and 200 s) at 650°C on the
microstructure transformation and mechanical properties
of rebars was investigated. The hot-rolling process was
simulated by Gleeble-3800 thermal simulator. The micro-
structure, precipitates, and mechanical properties of high-
strength rebar were characterized by scanning electron
microscopy, transmission electron microscopy (TEM), and
a universal tensile test machine. Results show that when the
isothermal time increased from 30 to 200 s, the ferrite grain
size decreased from 10.632 to 8.326 um, and the peatrlite
lamellar spacing was refined from 0.230 to 0.142 pm. The
TEM confirmed that when the isothermal time increased
from 30 to 200 s, the nanoscale (Nb, V, and Ti) C precipi-
tates were uniformly distributed in the ferrite matrix and
grain boundary, and the size of precipitates decreased from
34.014 to 29.916 nm; thus, the tensile strength increased
from 752.477 to 780.713 MPa, and the yield strength
increased from 574.714 to 621.434 MPa.
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1 Introduction

Critical factors such as frequent natural disasters, which
cause substantial economic loss, have aroused people’s
widespread concern about high-strength rebar. This has
necessitated putting forward higher requirements for the
performance of high-strength rebars. According to the new
national standard GB/T 1499.2-2018 Part 2, the mechanical
properties and seismic requirements of hot-rolled ribbed
rebars are as follows: yield strength (R.;) = 500 MPa, ten-
sile strength (R,) > 630 MPa, elongation after fracture
(A) = 15%, maximum total elongation (Ag) > 9%, and
strain-hardening ratio (Rp/Rgy ) > 1.25. The addition of
alloying elements in rebar can significantly improve the
mechanical properties of high-strength rebar [1-5]. At pre-
sent, the alloying elements (Nb, V, Ti, etc.) are commonly
used to improve the strength of high-strength rebar. The
addition of Nb in rebar can promote the improvement of
mechanical properties by strain-induced precipitation in
austenite [6—9]. The addition of V in rebar can refine the
microstructure grains. The addition of Ti in rebar promotes
refinement of the microstructure by limiting the grain coar-
sening in reheating [10]. Many studies have shown that
[11-14] composite strengthening of the alloying elements
can enhance the fine-grain and precipitation strength-
ening and reduce production costs.

The influence of the chemical composition of the
rebar and the parameters of controlled rolling and con-
trolled cooling on the microstructure and mechanical
properties of high-strength rebar has been a research hot-
spot of researchers [15-17]. Akhtar and Khajuria et al.
[18-24] further analyzed and characterized the phase
transformation process and the changes in mechanical
properties by combining experimental simulations, and
the method used in this process can further optimize the
heat treatment process. Isothermal time treatment is a
critical factor that affects the properties of high-strength
rebar. It is also an important control parameter in the
process of controlled rolling and controlled cooling.
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Isothermal time treatment is the key factor affecting the
performance of high-strength rebar. However, it is also
an important control parameter in the process of con-
trolled rolling and controlled cooling. By controlling the
isothermal time treatment within the optimal range [25],
the composite strengthening of Nb, V, Ti, and the preci-
pitation phase can be promoted to play the most signifi-
cant role so that the experimental rebar obtains the best
mechanical properties and meets the national standard.
Studies have shown that after the high-strength rebars
undergo phase transition due to isothermal treatment,
the precipitation enhancement effect of nanoprecipitates
on the ferrite matrix is enhanced [26,27]. Huo et al. [28,29]
showed that the Ti high-strength rebar is rolled and held
at an isothermal temperature of 650°C for 600 s, and the
strengthening effect of nanoscale precipitates was the
strongest. Joon Chun et al. [30] studied the effect of cooling
temperature on the mechanical properties of Nb-V-Ti
composite microalloyed rebar. The results showed that
the nanoprecipitates distributed on the ferrite matrix had
a good precipitation strengthening effect when the experi-
mental rebar was isothermally stored at 650°C for 1 h. Kang
et al. [31] also studied the thermoplasticity of microalloyed
rebar after holding it at 900 and 1,000°C at different times.
The results showed that the samples without special alloying
elements (Nb) were not affected by isothermal time, and the
samples with Nb and Mn were slightly improved. The ther-
moplasticity of the two samples with Nb content of 0.031 and
0.062 wt% increased significantly with the increase in iso-
thermal time. Balbi et al. [32] studied duplex steels austeni-
tized at 930°C for 20 min and then annealing at 830°C for 5,
15, 30, 60, and 120 min, and finally water quenching. The
results show that isomorph ferrite and martensite are formed
at a short annealing time, and polygonal ferrite is formed at
a long annealing time. Zheng et al. [33] investigated the
effect of different isothermal times at 950°C on the thermo-
plasticity of the C—Mn rebar. The results showed no signifi-
cant difference in low isothermal time (less than 500 s), and
the thermoplasticity of the rebar was improved after long
isothermal time. The findings of the above researchers are
summarized in Table 1.

Currently, many researchers have focused on the
study of the addition of alloying elements and the con-
trolled rolling and cooling process on the properties of
high-strength rebar [34,35]. There are relatively few stu-
dies on the effects of different isothermal time treatments
at the final cooling temperature on the microstructure
transformation, precipitation behavior, and mechanical
properties of high-strength rebar. Most studies are carried
out on Nb, Nb-Ti, and Nb-V high strength. However, Nb-V-Ti
composite microalloying is an important technology to improve
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the microstructure transformation and mechanical properties
of high-strength rebar [36,37]. The combination of composite
microalloying and controlled rolling and cooling process is an
effective method to improve the strength of the rebar. In this
study, the effects of different isothermal time treatments on the
microstructure, precipitation behavior, and mechanical proper-
ties of high-strength rebars were analyzed at 650°C for 30, 60,
100, and 200 s. By combining the controlled rolling and cooling
process with multi-element composite microalloying to obtain
the appropriate isothermal time and regulate the optimal
alloying element ratios, it provides a theoretical basis and refer-
ence for the design of process parameters of high-strength
rebars, so that the expected results can be used in the basic
application during the development varieties of new rebar.

2 Experimental processes

2.1 Material preparation

In order to control the composition of the experimental
rebar, a 500 MPa high-strength seismic rebar was selected
as the raw material. Before the thermal simulation, the raw
material was a cast billet. The microstructure of the cast
billet was coarse ferrite grains and pearlite with large
lamellar spacing, as shown in Figure 1. According to the
requirements of the new national standard, one added
conventional elements (such as C, Si, and Mn) and the
other added micro-alloying elements such as Nb, V, and Ti.
A set of optimized experimental rebars containing Nb, V, and
Ti were designed to be melted in a medium-frequency induc-
tion furnace. Then, the ingot (about 15 kg) was forged into a
cylindrical rod with a diameter of 40 mm and a height of
60 mm in an Nb-SX2-2.5-12TP box-type resistance furnace
on a two-roll hot and cold continuous rolling mill with a
diameter of 350 mm and a height of 300 mm. The forging
process was as follows: the ingot sample was heated to
1,200°C at a speed of 15°Css %, held for 10 min, and then
cooled to 1,000 and 900°C at a speed of 15°Cs. The hot
deformation was 40 and 30%, respectively, and the deforma-
tion rate was 257, and air-cooled to room temperature.

Carbon equivalent is a requirement in the new national
standard GB/T 1499.2-2018, and the new national standard
states that the value of carbon equivalent is not greater than
0.55, while the carbon equivalent is also an important cri-
terion for judging the welding performance of rebar. Carbon
equivalent Ce, (Wt%) can be calculated by the following
equation [38]:

Ceq=C+ Mn/6 + (Cr + V + Mo)/5 + (Cu + Ni)/15. (1)
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Table 1: Literature review
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Author

Characterization methods

Study results

Fida Hassan and Alwadei [1], Yan et al. [2],
Huang et al. [3], Gomez et al. [4], Hassan and
Al-Wadei [35], and Yi et al. [36]

BSE/X-ray/SEM

Gong et al. [5], Ma et al. [6], Chen et al. [7],
Huang et al. [8], Li et al. [9], and Tian et al. [37]

Ding et al. [10], Li et al. [11], Zeng et al. [12],
and Zhang et al. [13]

Jiang et al. [14], Buken et al. [15], Shen et al.

[16], and Furuhara et al. [17] STEM/XRD

Liu et al. [25], Peng et al. [26], Zhang et al.
[27], Huo et al. [28,29], Joon Chun et al. [30],
Kang et al. [31], Balbi et al. [32], Zheng et al.
[33], and Zhao et al. [34]

XRD/CTEM

Optical microscope (OM)/

OM/SEM/TEM/EBSD/APT

SEM/XRD/CLSM/OM/
Nanoindentation/BSE

OM/HRTEM/EBSD/

SEM/TEM/HRTEM/OM/

Under the condition of multi-element composite
strengthening, the microalloyed steel undergoes hot-
rolling and cooling process, the microstructure is
more homogenized, and the precipitates are highly
diffusely distributed, so that the yield strength and
tensile strength can be increased by 5-29.5% and
have good strong toughness

After the deformation of microalloyed steel, the
precipitates formed by the composite strengthening
of Nb and Ti/Mo/V are diffusely precipitated and
pinned to austenite grain boundaries. In the process
of transformation from austenite to ferrite, Nb/Ti/Mo/
V composite strengthening precipitates give full effect
to fine-grain strengthening and precipitation
strengthening, which further refines the ferrite grain
size and pearlite lamellar spacing and further
improves the strength and plasticity of the steel

The addition of alloying elements such as Nb/Ti/V in
microalloyed steel plays a different role in
strengthening at different heat treatment stages, thus
obtaining different proportions of microstructure and
precipitate distribution, which further improves the
hardness and strength of the steel

The synergistic strengthening effect between the
precipitation behavior of micro-alloying elements and
microstructure is determined by designing a rolling
model in microalloyed steels in the recrystallization
temperature interval and comparing it with
experimental results. The evolution of microstructure
by micro-alloying elements can be promoted, thus
proposing a model for the design of process
parameters that correlate precipitate precipitation
behavior with tissue evolution

By designing a rolling process for microalloyed steel
and then setting different isothermal time parameters
during cooling phase transformation based on
controlled rolling, the precipitation strengthening
effect of Nb/V/Ti composite precipitates in the
isothermal process is fully utilized. This promotes the
diffuse distribution of precipitates and the
homogenization of microstructure, which leads to the
improvement of tensile and yield strengths

The chemical composition of the experimental rebar was
analyzed by a carbon sulfur analyzer, nitrogen hydrogen oxygen
analyzer, and inductively coupled plasma analyzer. The che-
mical composition of the experimental rebar is shown in Table 2.

2.2 Experimental process

The phase change temperature point is an important
parameter in the design of the phase change process

and the subsequent isothermal cooling process [38]. The
test rebar also includes the onset temperature of the phase
transformation from ferrite to austenite (Ac;) and the end
temperature of the phase transformation from ferrite to
austenite (Acs) during heating, and the critical transforma-
tion temperatures of the onset transition temperature from
austenite to ferrite (Ar;) and the end temperature of the
austenite phase transformation (Ars) during cooling. The
thermal expansion test was performed on the DIL402C
thermal expander, and the forged sample was cut into a
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Ferrite

Pearlite

Figure 1: Microstructure of raw materials: (a) OM and (b) SEM.

cylindrical sample of diameter (6 mm) x length (25 mm),
heating the sample to 1,250°C at 5°C-s* and holding it for
5min, and then cooling it to room temperature at 5°C-s™ to
obtain the thermal expansion curve of the test rebar.
During the phase transformation from austenite to ferrite,
the slope of the thermal expansion curve varies with the
volume expansion at different stages. The critical transi-
tion temperatures of the test rebars are shown in Table 3.

The critical recrystallization temperature plays an
important role in determining microstructural evolution
in seismic rebars [34]. Zeng et al. [38] reported the for-
mula for calculating the critical recrystallization tem-
perature (Ty,) as follows:

Ty = 887 + 464C + (6445Nb — 644+/Nb) + (732V @
- 230/V) + 890Ti + 363Al — 357Si,

where T, refers to the critical recrystallization tempera-
ture (°C), and Nb (wt%), V (wt%), Ti (wt%), and C (wt%)
refer to the content of Nb, V, Ti, and C in rebar.
According to equation (2), the critical austenite recrys-
tallization temperature (T,,) of the experimental rebar was
calculated to be 947°C. In this experiment, the hot-rolling
temperatures of the first pass, the second pass, and the third
pass were 1,000, 980, and 950°C, respectively, which belong
to the rolling within the austenite recrystallization tempera-
ture. The hot-rolling temperatures of the fourth and fifth
passes were 900 and 850°C, respectively, which were rolled
within the austenite non-recrystallization temperature.
According to the results of previous studies and the
results of previous studies by the group team [13,26,39-45],
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Table 3: Critical transformation temperature of the experimental
rebars

Ac; (°C) Acs (°C) Ar; (°C) Ar; (°C)

767 795 762 791

the temperature of 650°C was chosen as the final cooling
temperature because the optimal microstructure ratio and
fine nanoscale diffusely distributed precipitates are obtained
after hot rolling at this temperature, and the mechanical
properties are substantially enhanced by the joint strength-
ening effect of both. Therefore, in this study, the temperature
of 650°C was chosen as the final cooling temperature and set
different isothermal times to investigate the intrinsic relation-
ship between the microstructure precipitation behavior and
the mechanical properties of Nb-containing experimental
rebars.

The forging samples were processed into rectangular
samples (100 mm x 40 mm x 20 mm) by wire cutting. The
plane compression experiment was carried out on the
Gleeble-3800 thermal simulator. The thermal simulation
of the experimental rebar is shown in Figure 2.

All samples were heated to 1,150°C at 20°C-s™! for
10 min to homogenize austenite and dissolve Nb, V,
and Ti uniformly. The hot-rolling temperature of five
passes was reduced to 1,000, 980, 950, 900, and 850°C
at 5°C-s™}, and the deformations of five passes were 0.25,
0.15, 0.1, 0.1, and 0.1, and the compression strain rates of
five passes were 2, 0.5, 0.5, 0.5, and 0.5s'. After hot

Table 2: Chemical composition of the experimental rebar (mass fraction, %)

C o] S P Si

Nb v Ti Mn Ceq

0.17 0.0082 0.012 0.018 0.229

0.013 0.055 0.015 1.552 0.44
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rolling, the samples were rapidly cooled to 650°C, holding
for 30, 60, 100, and 200 s. Finally, the samples were cooled
to 200°C with 0.5°Cs™! and then air-cooled.

2.3 Test method

The rectangular samples with the dimension of 10 mm x
10 mm x 10 mm were processed by thermal simulation.
After coarse and fine grinding, the samples were polished
by a PG-IA metallographic specimen polishing machine.
The microstructure and the existence of the second phase
were observed by SUPRA4O0 field emission scanning elec-
tron microscope. The Ipwin32 software image analyzer
was utilized to count the proportion of ferrite and pear-
lite, and the ferrite grain size and pearlite lamellar spa-
cing were measured by the Nano Measurer software
image analyzer.

The central part of the thermal simulation specimen
was used as the tensile specimen. According to the
national standard, the tensile specimen with the dimen-
sion of 120 mm x 15 mm x 2 mm was processed using the
GB/T 228.1-2010 tensile test method at room temperature.
The tensile test machine (MTS810) was used at room tem-
perature to stretch at a 107257 strain rate.

In order to observe the precipitation behavior of Nb/
Ti/V, the sample was further processed into a small round
plate with a diameter (5mm) x thickness (2mm). The
sample was grinded to 0.1 mm thickness and mechanically
thinned to 30 pm. Then, the ion thinning was carried out to
prepare the transmission electron microscope sample. The
precipitation behavior of Nb/Ti/V was analyzed by TECNAI

20°C/s
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G2F30 S-TWIN high-resolution electron microscope at
200 kV. The composition of Nb/Ti/V precipitates was
analyzed by electron spectrometer and transmission
electron microscope. Selected area electron diffraction
(SAED) spectra of diffraction ring Fourier transform
were obtained by Digital Micrograph software.

3 Results

3.1 Effect of isothermal time on the
microstructure

The scanning electron microscopy (SEM) morphology of
the experimental rebar under four different isothermal
time treatments is shown in Figure 3. The proportion
statistics of pearlite and ferrite under four different iso-
thermal time treatments are shown in Figure 4.

Figures 3 and 4 show that the microstructure of the
experimental rebar is mainly composed of ferrite and
pearlite. The ferrite is mostly polygonal, and the pearlite
is mostly lamellar, uniformly distributed on the ferrite
matrix. Figure 4 shows that with the increase in iso-
thermal time, the proportion of ferrite increases from
54.92 to 68.12%, and the proportion of pearlite increases
from 15.88 to 30.08%. After grain refinement, the ferrite
area decreases, and the grain boundary increases. This
provides favorable conditions for the nucleation of pear-
lite and increases the proportion of pearlite microstruc-
ture. In the rolling process, the carbides formed by strain

o

)

L

:__f 1150°C, 10min 1000°C, £=0.25

3 o/ 980°C, £=0.15

g Il 950°C; €=0.1 o

= 59C/8 900°C, £=0.1 austenite recry-
Tur 50C/4 P 850°C, £=0.1 stallization zone

5°Cls austenite nonrecry-
5°Cls stallization zone
5°Cls v

Under the final cooling / )

temperature of 650°C, hold
for 30s, 60s, 100s, 200s

Cool to 200°C at
0.5°C/s, air cooling

Figure 2: Thermal simulation process of the experimental rebar.

e

Time/s
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Figure 3: SEM morphology under the conditions of different isothermal times: (a) 30 s, (b) 60s, (c) 100s, and (d) 200 s.

induction precipitate around the austenite [46]. The car-
bides consume large amounts of carbon, reducing the sta-
bility of supercooled austenites and favoring the formation
of pearlites and ferrites during phase transitions. The
nucleation of pearlite requires sufficient time to make fer-
rite and cementite grow together, which mainly depends
on the diffusion of carbon atoms. Therefore, sufficient iso-
thermal time is crucial for the diffusion of carbon atoms
[45]. Shanmugam et al. [47] also mentioned the formation
of layered peatrlite in V- and Nb-microalloyed rebars. They
also explained that the equilibrium growth of pearlite

100.00
I Pearlite
Il Ferrite
80.00 |-
X
E 60.00 |-
=
9]
a,
S 40.00
A~
20.00
0.00
30s 60s 100s 200s

Different isothermal time

Figure 4: Proportion statistics of pearlite and ferrite under the
conditions of different isothermal times.

needs enough time, and the short isothermal time will
lead to insufficient carbon diffusion, which affects the
nucleation rate of pearlite. Rothleutner et al. [48] men-
tioned that micro-alloying elements are usually used to
modify ferrite and pearlite in rebar to improve strength,
fatigue resistance, and wear resistance. In this study, with
the increase in isothermal time, the ferrite and pearlite
distribution ratio was improved, thereby improving the
mechanical properties of the rebar.

3.2 Effect of isothermal time on the
grain size

A total of 100 metallographic images and 100 pearlite
lamellar SEM images of the experimental rebar were
selected under four different isothermal time treatments.
Ten curves were intercepted in each image by using Nano
Measurer image analysis software. The data of 100 images
were counted, and the average value was taken. The size of
ferrite and the pearlite lamellar spacing were counted, as
shown in Figure 5.

Figure 5 shows that the ferrite grain sizes of the experi-
mental rebar are 10.632, 10.513, 10.224, and 8.326 pm, and
the pearlite lamellar spacing is 0.230, 0.213, 0.178, and 0.142 pum,
respectively, after holding for 30, 60, 100, and 200's at 650°C
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20.000 0.260 Many studies [8,49] have shown that the reduction
18.000 - ] 8'5‘2‘8 g of ferrite grain size can increase the grain boundary
c 16.000 - 10200 = area, thereby reducing stress concentration, increasing
< 14.000 - / 10.180 § the uniform distribution ability of transient deformation,
5 12.000 \ . . . ] g'iig Z  and improving the yield strength of the rebar. Other stu-
(= L I : = . . . . .
§D 10.000 : : . o120 Té dies [50,51] have pointed out that the increase in yield
2 8.0001 =] 8'(1)28 S strength is related to the ultrafine grain size of the micro-
E 6’023 looso =  structure. In this study, the ferrite grain size decreases, the
4.000 - DO . :
5000 10.040 £ pearlite lamellar becomes finer, and the yield strength
' 10020 increases.
0.000 0.000
30s 60s 100s 200s

Different isothermal time
Figure 5: Ferrite grain size and pearlite lamellar spacing of the . .
experimental rebar under the conditions of different isothermal 3.3 Effect of isothermal time on the
times. precipitation behavior

and then air-cooled. When the isothermal time reached The (Nb, V, and Ti) C precipitates of the experimental
200 s, the grain distribution was more uniform, the ferrite rebar after treatment for 60s are shown in Figure 6.
grain size was reduced to 8.326pm, and the pearlite The (Nb, V, and Ti) C precipitates in the experimental
lamellar spacing was refined to 0.142 pm. rebar treated for 200s are shown in Figure 7(a)—(d).

Nb-L (b)

0
=
308
0
<
. Z:.().()
a ViKage g
’ g0.4 -
§ - Ti-Ko Nb-Ka
0.2
V-Hppe.
1 ﬁ‘FeAKﬁA 1 NbA-_Kﬁ
0.0
10 1 20
Energy (keV)

.

¥ S 6

Zp[ecipates:[ 11 4]
10 1/nm

MLImreses N Zrenie=[001]

Figure 6: TEM images of (Nb, V, and Ti) C precipitates in the experimental rebar at 60 s. (a) Morphology, (b) energy-dispersive spectrometry
(EDS), (c) lattice fringes, and (d) SAED.
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Figure 7: TEM images of (Nb, V, and Ti) C precipitates in the experimental rebar at 200 s. (a) Morphology, (b) EDS, (c) lattice fringes, and

(d) SAED.

Figure 8 shows the average particle size statistics of the
precipitates under different isothermal time treatments.
The shape of (Nb, V, and Ti) C precipitates in the
experimental rebar is mainly round. The size of precipi-
tates is 25-35nm, as shown in Figures 6(a) and 7(a).
Figure 8 shows the average particle size changes of
(Nb, V, and Ti) C precipitates at isothermal times of
30, 60, 100, and 200 s are 34.014, 32.155, 30.047, and
29.916 nm, respectively. Therefore, with the increase in
isothermal time, the size of precipitates decreased from
34.014 to 29.916 nm. Figures 6(b) and 7(b) show the EDS
spectra of the two precipitates. The diffraction peaks of
the precipitates are mainly Nb, followed by V and Ti, and
the mass fraction ratios are 1.5:0.4:0.3 and 1.4:0.5:0.4,
respectively. Figures 6(c) and 7(c) are the diffraction lat-
tice fringe patterns obtained by the inverse Fourier transform
of high-resolution images. It is observed that the crystal
plane spacing of the precipitates is 0.229 nm at 60s and
0.211nm at 100 s. The SAED in Figures 6(d) and 7(d) shows

that there is a certain orientation relationship between (Nb,
V, Ti) C precipitates and ferrite [52]: (5(—)11) (Nb, V, Ti)
C[l(100)a and [114] (Nb, V, Ti) C||[001]a and (022(—))(Nb,
V, Ti) C||(100)a and [136](Nb, V, Ti) C||[001]a.

‘\,\l*!

40.00

35.00 |

30.00

25.00 |

Average precipitate size/nm

20.00 |-

30s 60s 100s 200s
Different isothermal time

Figure 8: Statistics of average particle size of precipitates under the
conditions of different isothermal times.
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High-density dislocation wall can also be observed in
Figures 6(a) and 7(a). The dislocation is closely related to
the strain hardening of the rebar. The recrystallization
process is controlled by alloying and intragranular nano-
precipitation, which is easy to form an ultrafine grain
structure. The nanoprecipitation improves the thermal
stability of ultrafine grain structures by the effect of pin-
ning. When holding for 600 s, the hardness value of the
sample increased due to the contribution of the (Nb and
Ti) (C and N) phase precipitation to the hardness. The
grain size of precipitates decreased under different iso-
thermal times. The number of precipitates increased and
dispersed in the grain boundary and interior, signifi-
cantly increasing the strengthening effect [53-55].

Combined with the relationship between isothermal
time and mechanical properties in Figure 9, the strength
of the rebar increases with the increase in isothermal
time, which is consistent with the general rule of the
effect of precipitation strengthening on mechanical prop-
erties. A sufficient isothermal time allows the C atoms to
precipitate continuously from the austenite and diffuse
sufficiently into the matrix, while the strength is enhanced
due to the increased number and more diffuse distribution
of alloy carbides, which also enhance the interaction with
dislocations. With the increase in isothermal time, the pre-
sence of precipitates can also be observed between the
ferrite and pearlite phases, and these spherical forms of
precipitates reduce the stress concentration effect and can
also play a precipitation strengthening role, reducing the
strength loss due to ferrite generation [3,8,45]. As can be
seen in Figures 6 and 7, in addition to the presence of
precipitates, dislocation aggregation can also be seen.
With the interaction between the two, the precipitates
can pin on the dislocations, making it possible to maintain
high strength at high temperatures. With the increase in

800.00

700.00 -
600.00
500.00
400.00

Stress/MPa

300.00
200.00
100.00

0.00
0.00

0.40 0.60 0.80

Strain/%

0.20 1.00

Figure 9: Stress—strain curves of the experimental rebar under the
conditions of different isothermal times.
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isothermal time, dislocation density decreases at some of
the weaker locations of grain boundaries. When the pre-
cipitation phase pins the grain boundaries, the dislocation
density at the grain boundaries increases and stabilizes,
resulting in dislocation strengthening and increasing the
strength of the rebar [7,34,37,38,41].

3.4 Effect of isothermal time on the
mechanical properties

In order to characterize the stress—strain curve of the
experimental rebar under different isothermal time treat-
ments, the experimental rebar was stretched. The stress—
strain diagram is shown in Figure 9, and the stress—strain
data are shown in Table 4.

With the increase in isothermal time, the tensile
strength and yield strength of the experimental rebar
gradually increase, and the strength—yield ratio gradually
decreases. The stress—strain curve of the experimental
rebar has a yield platform under different isothermal
time conditions, as shown in Figure 9. When the iso-
thermal time was 200s, the tensile strength and yield
strength of the experimental rebar were the highest at
780.713 and 621.434 MPa, respectively. Zeng [45] pointed
out in the study on the effect of final cooling temperature
on the properties of rebar that the precipitated phase of
carbides was easy to precipitate on the ferrite matrix and
dislocation line, which refined the lamellar spacing of ferrite
grains and pearlite and improved the mechanical properties
of rebar. Wang et al. [56] predicted the mechanical proper-
ties of rebar containing ferrite and pearlite. They pointed
out that the tensile strength increased with the increase in
pearlite volume fraction, which was consistent with the
results of this study. Bu et al. [57,58] showed a remarkable
strengthening effect when nanocarbides precipitate in the
ferrite phase.

It is obvious from Figure 8 that the mechanical proper-
ties of the experimental rebar improved with the increase

Table 4: Tensile data of the experimental rebar under different
isothermal time conditions

Rebar Tensile Yield Strength Elongation
strength strength yield ratio  after
(MPa) (MPa) breaking (%)
30s 752.477 574.714 1.314 32.752
60s 767.592 575.764 1.337 36.253
100s 772.381 604.585 1.285 42.504
200s 780.713 621.434 1.261 43.131
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in isothermal time. Because of the synergy between the
composite strengthening of micro-alloying elements such
as Nb, V, and Ti and isothermal time, the improvement of
mechanical properties of the experimental steel is mainly
due to two aspects: (1) With the addition of micro-alloying
elements in rebar, the micro-alloying elements can solidly
be soluble in rebar and produce aggregation at grain
boundaries, which can play a role in inhibiting grain
boundary growth and migration, reducing the driving
force of grain growth and obtaining the purpose of grain
refinement effectively, thereby improving the strength.
During the transformation of pearlite, the diffusion rate
of micro-alloying elements is less than that of carbon
atoms, and the carbon atoms solidly dissolved in the rebar
reduce the nucleation and growth rate of cementite,
extend the gestation period of pearlite transformation,
increase the supercooling degree, and refine the ferrite
grain size and pearlite lamellar spacing [59-63]. The
refinement of the pearlite lamellar structure can effec-
tively hinder the sprouting and expansion of cracks and
improve the tensile properties of the experimental rebar.
From the above results, it can be seen that with the
increase in isothermal time, the ferrite size and pearlite
lamellar spacing are further refined and dislocations are
aggregated in ferrite and pearlite. When the ferrite size
and pearlite lamellar are reduced, it makes it difficult for
dislocations to move, which makes the tensile strength
increase; (2) during the heat treatment of the experi-
mental rebar, a large number of composite precipitates
are precipitated at grain boundaries or dislocations
due to strain-induced effects. These precipitates pin on
grain boundaries to further refine the austenite grains,
which are accompanied by a large number of composite
precipitates diffusely precipitated on ferrite during the
transformation of austenite to ferrite. With the increase
in isothermal time, the precipitates easily occur in the
dispersive distribution, and the precipitates interact with
dislocations, causing obstruction to dislocation movement
and significantly improving the strength of the experi-
mental rebar. During the tensile process, when disloca-
tions have difficulty bypassing these non-deformable
nanoscale precipitated phases, the dislocations will be
subjected to greater resistance and thus require greater
applied stress to allow the dislocations to continue to
slip past the precipitated phases, thus leading to an
increase in the strength of the experimental rebar
[64—68]. The resistance to dislocation movement is
increased by the precipitates, and the higher the resis-
tance, the higher the yield strength.
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3.5 Strengthening mechanism analysis

The results in Figure 9 and Table 4 show that the mechan-
ical properties of the experimental rebar are significantly
affected by the length of the isothermal time, and the
microstructure of the material is also closely related to
its strength. The contribution of different strengthening
mechanisms to the yield strength of rebar can be expressed
by the following equation [69,70]:

Oy = 0o + Oss + OGB + Opre + O, 3)

where oy is the total yield strength; o, is the friction
coefficient of an iron crystal, usually 54 MPa; o is the
solid solution strengthening; ogg is the fine-grain strength-
ening; oy is the precipitation strengthening; and oy is the
phase transformation strengthening.

For high-strength seismic rebars, the microstructure
of the experimental rebar is composed of ferrite and pear-
lite. Important micro-alloying elements such as Mn, Si,
and P can form a solid solution in the rebar. The results of
many researchers show that [71] the solid solution strength-
ening amount of microalloyed rebar can be quantitatively
expressed as the following equation:

0ss = 37[Mn] + 83[Si] + 680[P], (4)

where [Mn], [Si], and [P] refer to the mass fraction of the
experimental rebar, %.

According to equation (4), the solid solution strength-
ening increment of Mn, Si, and P on the experimental
rebar is 123.29 MPa.

Grain refinement is one of the important means of
improving the strength and plasticity of rebar [72]. Due to
the addition of micro-alloying elements in the rebar, the
second phase precipitates in the strain-induced process refine
the grain, and the strengthening effect is further enhanced
[14]. Grain refinement follows the Hall-Petch equation [73]:

o = kd ™3, ®)

where k is the grain strengthening coefficient, and its
value is related to the grain boundary structure. Usually, the
value is 15-18 MP-mm ™, where the value is 15.1 MP-mm ", d
is the average diameter of ferrite grains, and the unit is mm.

Figure 5 and equation (5) show that the ferrite grain size
decreases gradually with the increase in isothermal time, so
the contribution rate to yield strength increases gradually.
The calculation shows that under different isothermal time
conditions of 30, 60, 100, and 200s, the contribution of
grain refinement to yield strength is 146.46, 147.29, 149.37,
and 165.54 MPa, respectively.
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The precipitation strengthening of the experimental
rebar mainly comes from the precipitation of carbides,
which results from the interaction between precipitates
and dislocations. The strain-induced precipitation of (Nb,
V, Ti) C in austenite can play a role in precipitation
strengthening. Precipitation strengthening is related to
the volume and size of precipitates in rebar, which can
be calculated by the Ashby—-Orowan equation [74]:

— 5.9 —0.5 1 # s 6
Opre = 5.9f n( 2.5 x 10-4) ©)

where oy, is the precipitation strengthening increment
(MPa), x is the average particle diameter (nm), f is the
precipitation volume fraction (%), and the precipitation
volume fraction of NbC, TiC, and VC is calculated using
the following equation [75]:

f, = (EM; - S[Mi] + € — [C])Pre, )

MC

where [Mi] (Mi = Nb, V, Ti) is the solid solution of micro-
alloying element Mi in ferrite; Mi is the content of micro-
alloying element Mi in rebar, wt% (Table 2); [C] is the
solid solution amount of C in ferrite; C is the content of
Cin rebar, wt% (Table 2); pge and pyc are the density of Fe
and MC (MC = NbC, TiC, and VC), namely, pg. = 7.8 g/cm?,
Prbe = 8.47 g/cm?, pric = 4.93 g/cm?, and pyc = 5.77 g/cm?.

Using the solid solubility product formula of MC
(MC = NbC, TiC, and VC) and stoichiometric ratio, the
solid solubility of related elements (Nb, Ti, V, and C) in
ferrite can be calculated. The solid solubility product for-
mula of MC (MC = NbC, TiC, and VC) in ferrite can be
expressed as [76]:

1g {[NBJ{Cl}y = 5.43 - @ (®)
1g {[Ti][Cl} = 44 - 95T—75 ©)
18 {[VI-{Cll = 4.5 - @ (10)

where [Mi] (Mi = Ti, Nb, V) is the solid solution of Mi
element in ferrite, [C] is the solid solution of carbon in
ferrite, a is the solid solution product of ferrite, and T is
the solid solution temperature. It is concluded that the
contribution of precipitation strengthening to yield strength
is 171.09, 205.34, 219.88, and 299.45 MPa, respectively,
under the different isothermal times of 30, 60, 100,
and 200s.

Pearlite is a strengthening phase, which can improve
the strength of rebars. According to equation (3) com-
bined with Figure 5, the increment in pearlite phase

Effect of different isothermal times =— 11

transformation strengthening was studied. The experi-
mental rebar has a certain number of pearlite phase
transformations (Figure 3). With the increase in iso-
thermal time, the increment in phase transformation
strengthening increases from 84.99 to 93.59 MPa. This
indicates that the effect of phase transformation strength-
ening is enhanced.

The comparison of the contribution of each strength-
ening mechanism to yield strength is shown in Figure
10(a), and the comparison between the theoretical value
and the experimental value is shown in Figure 10(b).

The comparison of various strengthening mechanisms
follows the following trend: the precipitation strength-
ening increment > the fine-grain strengthening increment
> the solid solution strengthening increment > the phase
transformation strengthening increment. The contribution
of fine-grain strengthening and precipitation strength-
ening to yield strength is the highest. In the production,
composite strengthening, controlled rolling, and con-
trolled cooling are combined to make fine-grain strength-
ening. Precipitation strengthening plays the most significant
role so that the properties of rebar are further improved.

With the increase in isothermal time, the yield strength
of the experimental rebar is gradually increased. The theo-
retical calculation value is gradually increased, and the dif-
ference between the experimental and theoretical values is
not significant, indicating that the analysis of the strength-
ening mechanism is correct.

4 Conclusions

The microstructural transformation, the precipitation beha-
vior, and the mechanical properties of the high-strength
rebar under different isothermal time conditions were stu-
died through various characterization methods and thermal
simulation machines. The relationship between micro-
structure transformation, precipitation behavior, and
mechanical properties was summarized, and the fol-
lowing conclusions were obtained:

(1) With the increase in isothermal time from 30 to 200 s,
the microstructure of the experimental rebar is mainly
composed of ferrite and pearlite. The ferrite grain size
decreases from 10.632 to 8.326 um, the pearlite lamellar
spacing decreases from 0.230 to 0.142 pm, and the fer-
rite proportion increases from 54.92 to 68.12%. The
pearlite proportion increases from 15.88 to 30.08%.

(2) With the increase in isothermal time from 30 to 200 s,
the nanoscale precipitates continued to precipitate
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Figure 10: Comparison of strengthening mechanism: (a) contribution of strengthening mechanism and (b) comparison of theoretical

strength and actual strength.

elliptically on the ferrite matrix and grain boundary.
The size decreased from 34.014 to 29.916 nm, which
was more evenly distributed on the ferrite matrix and
grain boundary.

(3) With the increase in isothermal time from 30 to 200 s,
the yield strength of the experimental rebar increases
from 574.714 to 621.434 MPa, and the tensile strength
increases from 752.477 to 780.713 MPa. The strength-
ening effect of precipitation strengthening and fine-
grain strengthening is gradually enhanced, which is
an effective strengthening method to improve the
strength of high-strength rebar.
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