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Abstract: For weathering steel used in building, it is necessary not only to ensure weather resistance,
but also to improve the strength and yield ratio. This study investigates the strengthening effect
of Ti microalloying on the tested steel by conducting continuous cooling transformation tests of
undercooled austenite and comparative tests of microstructure and performance at different coiling
temperatures, with 0.07 wt.% Ti added to the weathering building test steel. The results show that,
with an increase in cooling rate (0.1~50 ◦C/s), the room temperature microstructure of different
cooling rates gradually transitions as follows: F + P, F + P + B, F + B and B + M; in addition, the
hardness increases. Polygonal ferrite and pearlite were obtained by coiling at 650 ◦C; quasi-polygonal
ferrite, acicular ferrite, pearlite and a small amount of bainite were obtained by coiling at 600 ◦C;
and bainite was obtained by coiling at 550 ◦C. With a decrease in coiling temperature, the strength
of the test steel increased, the yield ratio increased, the elongation after fracture decreased and
the elongation at the yield point decreased. Compared with those observed at 650 ◦C, the nano
precipitation phases observed in the sample at 600 ◦C were smaller in size, higher in number and
higher in dislocation density. The combined action of second-phase precipitation strengthening and
dislocation strengthening increased the strength and yield ratio of the test steel. This study will be
helpful in guiding the improvement of strength grades for weathering steel used in building and
industrial production.

Keywords: Ti microalloying; CCT; coiling temperature; microstructure and properties;
precipitated phase

1. Introduction

High-strength, low-alloy steels are widely used in modern architectural and engi-
neering structures because of their good toughness and weldability [1]. The addition of
certain amounts of Cu, Cr and Ni to their basic chemical composition can promote the
formation of a dense FeOOH oxide film rust layer on the steel surface to obtain a certain
degree of weather resistance [2,3]. In addition, the addition of trace amounts of strong,
carbon-nitride forming elements Nb, V and Ti to steel supplemented with controlled rolling
and cooling techniques can greatly improve the strength level of steel [4,5]. Similar effects
exist in titanium and aluminum alloys, where control of the microstructure, phase selection
and mechanical response is achieved by modulating microalloy elements and process
parameters [6–8]. Compared with Nb and V, Ti is chemically active and prone to forming
inclusions that are detrimental to performance, so Ti microalloying technology has not
been widely developed and applied [9]. According to relevant references [10,11] and some
experimental studies, the strengthening effect is not obvious when the Ti content is too low
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(less than 0.03 wt.%), and the plasticity is low when the Ti content is too high (more than
0.10 wt.%); therefore, in this study, 0.07 wt.% of Ti was added to the test steel designed, and
the effect of the coiling temperature on the microstructure and properties of high-strength,
weather-resistant building steel was investigated in combination with the controlled rolling
and controlled cooling process. In combination with the study of the continuous cooling
transformation law of the test steel under the condition of undercooled austenite, tests
on the mechanical properties, microstructure characterization, transmission electron mi-
croscopy observation of dislocations and precipitation were carried out for the test steel.
The relationship between the mechanical properties and microstructure of the test steel and
its strength mechanism were investigated, which has a certain guiding significance for the
industrial production of Ti-strengthened, high-strength, weather-resistant building steel.

2. Materials and Methods

The specific chemical composition of the test steel is shown in Table 1.

Table 1. Chemical composition of the test steel.

C Si Mn P S Cu + Ni + Cr Ti Als N Fe

0.07 0.40 1.35 0.005 0.002 1.14 0.07 0.04 0.002 Bal.

The effect of different cooling rates on the continuous cooling transformation of
the undercooled austenite of the test steel can be obtained using a dynamic CCT test.
The following thermal simulation test parameters were selected through a combination of
extensive prior experimental exploration and the determination of the phase transformation
point of the test steel using the thermal expansion test (AC1 736 ◦C and AC3 906 ◦C). In the
Gleeble 3500 (Dynamic Systems Inc., El Segundo, CA, USA) thermal simulation tester, the
program was set to heat up to 1200 ◦C at a rate of 10 ◦C/s, hold for 180 s to completely
austenite the specimen, fully re-dissolution the microalloy elements, then cool down to
1050 ◦C at a rate of 10 ◦C/s, hold for 10 s to eliminate the temperature gradient in the
specimen, then apply 30% deformation to the specimen at a deformation rate of 15 s−1,
then cool down to 850 ◦C at 10 ◦C/s, hold for 10 s and then apply 30% deformation to
the specimen at a deformation rate of 15 s−1. Then, it is cooled to room temperature at
a cooling rate of 0.1, 0.5, 1, 3, 5, 7, 10, 20, 30 and 50 ◦C/s; the test measurement curve is
shown in Figure 1. The sizes of thermal simulation test samples were Φ6 mm × 15 mm and
Φ4 mm × 10 mm, respectively, the former being used for cooling rate experiments below
30 ◦C/s, and the latter being used for cooling rate experiments from 40 to 60 ◦C/s.

The test steel ingots were held at approximately 1200 ◦C for 2 h. The ingots with a
thickness of 85 mm were rolled to a thickness of 6.5 mm by multiple passes of roughing
and finishing rolling. The thicknesses of the first three passes of roughing rolling were 63,
47 and 35 mm, and the thicknesses of the last six passes of finishing rolling were 26, 19.5,
15, 10, 7.5 and 6.5 mm, respectively. After the finishing rolling at 850 ◦C, the hot-rolled steel
sheets were cooled to different coiling temperatures of 650, 600 and 550 ◦C by laminar flow,
held in a holding furnace for 30 min and then cooled to room temperature in a furnace to
simulate the coiling process.

For the microstructural analysis of the dynamic CCT specimens and hot-rolled speci-
mens, the specimens were mechanically ground, polished and etched in a 4% nital solution
and characterized using an Olympus Ols40-SU (Olympus, Tokyo, Japan) laser confocal
microscope and an SU8100 (Hitachi High-Tech Co., Ltd., Tokyo, Japan) cold field scanning
electron microscope. In addition, after mechanical grinding, the specimens were electropol-
ished in an electrolyte composed of 10% perchloric acid and 90% ethanol to remove the
residual stress from the surface. The voltage was controlled at 15 V, the current was 1.5 A
and the polishing was continued for 12 s. The hardness values of the specimens were
measured using a THV-1MD (Beijing Era United Technology Co., Ltd., Beijing, China)
micro-Vickers hardness tester, and the average values were obtained after five hardness
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measurements. Standard tensile specimens were cut to a gauge length of 25 mm in the
rolling direction and tested on the MTSE45 electronic universal testing machine at a speed
of 2 mm/min to obtain the mechanical properties. Additionally, three repeated tensile
tests were conducted for each coiling temperature. The morphology and distribution of
the dislocations and second phases of the specimens were observed using a JEM 2100
(JEOL Ltd., Tokyo, Japan) transmission electron microscope. In this case, the specimens
were made by twin-jet thinning (5 vol% perchloric alcohol at −30 ◦C with a potential of
50 V) and carbon extraction replica. The carbon extraction replica specimen was used as a
hot mount, grind and polish of the detection surface, taking advantage of 4% nitric acid
alcohol to corrode and remove the specimen from the hot mount substrate and then spray
carbon sequentially, later using 8% nitric acid alcohol to make the carbon film attach to the
specimen substrate, resulting in the separation and attachment of the carbon film to the
copper mesh in order to duplicate the specimen.
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Figure 1. Dynamic CCT test measurement curve.

3. Results and Discussion
3.1. Study of Continuous Cooling Transformation of Undercooled Austenite

Figure 2 shows the room-temperature microstructure and ferrite average grain size
of the test steel simulating two deformations with different cooling rates. At a 0.1◦C/s
cooling rate, the room temperature microstructure basically consists of ferrite and pearlite,
but at a 0.5 ◦C/s cooling rate, a very small amount of pearlite starts to degrade and
forms degradation pearlite, and the degradation of pearlite is serious with the increase in
cooling rate, but at a 3 ◦C/s cooling rate, almost no pearlite transformation occurs. When
the cooling rate was 1◦C/s, a small amount of bainite appeared and the bainite content
gradually increased with the increase in cooling rate. At the same time, the average grain
size of the ferrite continued to decrease (Figure 2k). The bainite consists of a mixture of
granular bainite and lath bainite. When the cooling rate was 10 ◦C/s, only a small amount of
ferrite remained, and the ferrite disappeared as the cooling rate continued to increase. The
martensite started to appear at a 30 ◦C/s cooling rate and the content increased gradually
with the increase in cooling rate. By analyzing the microstructure shown in Figure 2 and
the hardness change trend in Figure 3b at each cooling rate, the phase transformation type
and temperature of the test steel were determined to draw the dynamic CCT curve, as
shown in Figure 3a. The dynamic CCT curve contains four phase transformation regions:
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A (austenite)→ F (ferrite), A→ P (pearlite), A→ B (bainite) and A→M (martensite). The
cooling rates—high or low—control the C atom diffusion process; thus, different phase
transformations occur at different cooling rates [12,13]. At lower cooling rates (0.1~1 ◦C/s),
the C atom diffusion was sufficient; high temperature transformation occurred, i.e., ferrite
pearlite transformation is complete; and the room temperature microstructure was mainly
F + P or F + P + a small amount of B. At medium cooling rates (3~20 ◦C/s), the bainite
transformation was dominated by shear and short-range diffusion, the room temperature
microstructure was mainly F + B, and the hardness value did not change significantly.
Meanwhile, at high cooling rates (30, 50 ◦C/s), part of the martensite appeared, the ferrite
completely disappeared, the room temperature microstructure was mainly B + M, and the
hardness substantially increased (Figure 3b).
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3.2. Effect of Coiling Temperature on the Mechanical Properties of the Test Steel

Table 2 and Figure 4 show the mechanical properties and engineering stress–strain
curves of the test steels at different coiling temperatures. At a coiling temperature of 650 ◦C,
the yield strength of the test steel reached 464 MPa, the tensile strength reached 581 MPa,
the yield ratio was 0.80, the elongation after fracture was 29.5% and the elongation at yield
point was 1.81%. When the coiling temperature was lowered to 600 ◦C, the yield strength
and tensile strength of the test steel increased to 538 MPa and 645 MPa, respectively, and
the yield ratio increased to 0.83, whereas the elongation after fracture decreased to 26.1%
and the yield point elongation decreased by a larger extent to 0.59%. In general, the steel
used in building structures needs to have a lower yield ratio and a longer yield platform
while having a higher strength, so that it can absorb more energy under the repeated action
of seismic loads to meet the requirements of the seismic performance of high-performance
building steel [14,15]. When the coiling temperature was further reduced to 550 ◦C, the
strength of the test steel was substantially improved, the yield ratio increased to 0.89,
the elongation after fracture decreased to 15.6%, the yield platform disappeared and the
engineering stress–strain curve exhibited continuous yielding, as shown in Figure 4.

Table 2. The mechanical properties of test steel at different coiling temperatures.

Coiling Temperature/◦C Rel/MPa Rm/MPa Rel/Rm A50/% Ae/%

650 464 ± 13 581 ± 8 0.80 ± 0.011 29.5 ± 0.3 1.81 ± 0.09
600 538 ± 17 645 ± 12 0.83 ± 0.010 26.1 ± 0.7 0.59 ± 0.12
550 695 ± 10 784 ± 7 0.89 ± 0.005 15.6 ± 0.6 0
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Figure 5 shows the microstructure of the test steel at different coiling temperatures.
The test steel was held at different temperatures by laminar cooling, and the undercooled
austenite underwent different phase transformations, which are generally divided into
high-temperature transformation (ferrite pearlite transformation), medium-temperature
transformation (bainite transformation), and low-temperature transformation (martensite
transformation). Different types of microstructure transformation obtained at different tem-
perature intervals are the direct cause of the obvious changes in the mechanical properties
of the test steel. From the dynamic CCT curve in Figure 3a, combined with the microstruc-
ture shown in Figure 5, it was found that 650 ◦C is completely within the high-temperature
transformation interval, and the resulting microstructure is typical polygonal ferrite and
pearlite, which have the best comprehensive mechanical properties with excellent plas-
ticity, a low yield ratio and a long yield platform, as shown in Table 2 and Figure 4. The
ferrite morphology at 600 ◦C is obviously different from that of polygonal ferrite at 650 ◦C,
and its microstructure is mainly composed of quasi-polygonal ferrite, acicular ferrite and
pearlite, and there is even a small amount of granular bainite, so the test steel exhibits
higher strength. The microstructure at the 550 ◦C coiling temperature was mainly bainite,
and the bainitic made the yield strength (695 MPa) and tensile strength (784 MPa) of the
test steel reach the highest values, but the plasticity became poor and the elongation after
fracture was only 15.6%, while the elongation at the yield point was also reduced to 0. The
dislocation density of the quasi-polygonal ferrite, acicular ferrite and bainite was relatively
high, and the strong interaction and entanglement between dislocations was easily caused
when the specimen was stretched and stressed to block the dislocation slip and make the
work-hardening behavior prominent, which led to the shortening of the yield platform
or even its disappearance [16]. Thus, with the lowering of the coiling temperature, the
appearance of a higher dislocation density microstructure caused the yield point elongation
of the test steel to gradually decrease. Natarajan et al. [17] investigated the mechanism of
the effect of different coiling temperatures on the microstructure and mechanical properties
of Ti microalloyed steels, where the tensile strength, yield strength and elongation after frac-
ture were 862 MPa, 807 MPa and 13–15%, respectively, when the coiling temperature was
600◦C, mainly due to the precipitation of more nano-TiC. Peng et al. [18] showed that the
addition of 0.1 wt.% Ti resulted in the strength increments are mainly attributed to the γ/α
interphase precipitation whose nano-TiC precipitates obey the Baker–Nutting orientation
relationship with respect to the ferrite matrix: (100)TiC ‖ (100)α-Fe and [011]TiC ‖ [001]α-Fe.
Based on these beneficial studies and relevant data, we investigated the precipitation be-
havior of Ti-containing second phases through calculations using the kinetics theory and
transmission electron microscopy (TEM) studies.

During the rolling process of Ti microalloyed steel, partial carbon and nitrogen tita-
nium precipitation occurs. In order to be consistent with the actual production conditions,
it is assumed that 50% of the strain-induced precipitation of carbon and nitrogen titanium
in the experimental steel occurs between the starting rolling temperature and the final
rolling temperature of 850 ◦C. Based on the equilibrium solid solubility at 850 ◦C, the
relevant element concentrations in the experimental steel after finish rolling and before
laminar cooling were [Ti] = 0.0397, [C] = 0.06255 and [N] = 2.25 × 10−7. Since the nitro-
gen content at this point was close to zero, the effect of nitrogen was not considered and
the second phase precipitated in the ferrite was mainly TiC. The chemical free energy of
TiC precipitation in the ferrite at different precipitation temperatures can be theoretically
calculated using the solubility product formula. This can be divided into two parts: TiC
precipitation before the pearlite transformation and TiC precipitation in the ferrite after the
pearlite transformation, where the matrix carbon content decreases to 0.0218%. Figure 6
shows the NrT and PTT curves of TiC precipitation in the ferrite, where the NrT curve
exhibits the characteristic of a reverse C curve and the PTT curve exhibits a C curve. The
occurrence of the pearlite transformation reduces the carbon element supersaturation in
the steel, especially reducing the value of the chemical free energy of the TiC precipitation,
resulting in a slightly larger critical nucleus size, a moderate increase in critical nucleation
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work, a moderate decrease in nucleation rate and a significant delay in the start time of
the precipitation transformation. At the time of the nucleation on a dislocation, the maxi-
mum nucleation rate temperature and the fastest precipitation temperature of TiC in the
matrix without the pearlite transformation were 725 ◦C and 775 ◦C, respectively. However,
when the matrix underwent pearlite transformation before TiC precipitation, the maximum
nucleation rate temperature and the fastest precipitation temperature of TiC were 625 ◦C
and 675 ◦C, respectively, which means that the occurrence of the pearlite transformation
reduced these two temperatures by 100 ◦C each. This temperature reduction can lead
to a lower actual precipitation transformation temperature and allow finer precipitation
particles to be obtained.
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TEM observations were performed on the test steels at coiling temperatures of 650 ◦C
and 600 ◦C for replica and thinning, respectively. Figures 7 and 8 show the TEM observa-
tions of the precipitation phases for the replica specimens. During the cooling of the casting
blank, Ti was easily combined with impurity elements such as C, N, S and O in steel to form
large-sized precipitation phases, owing to its extremely strong chemical properties [19].
As shown in Figure 7a,c, the composite precipitation phase containing Ti with a diameter
of approximately 200 nm can be determined from its energy spectrum as Ti4C2S4, which
plays a role in controlling the growth of austenite grains during homogeneous heating [20].
Figure 8a,b shows the strain-induced precipitation of the second phase during the hot
rolling process, and its size is generally above several tens of nanometers, which can
inhibit high-temperature austenite recrystallization and prevent grain growth, playing
a certain role in grain refinement; however, the precipitation strengthening effect is not
significant [21].
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In addition, nano-precipitated phases with sizes below ten nanometers were observed
in the test steels, as shown in Figure 8c,d, which are generally precipitated interphase or on
ferrite dislocation lines during cooling and coiling holding [22,23] and are smaller and more
numerous, providing strong precipitation strengthening effects. In order to quantitatively
analyze the second-phase particles, the number and size distribution of Ti-containing
precipitates in twenty TEM images were counted, and the statistical results are shown in
Figure 9. The second-phase particle size of the test steel was mainly distributed in two
intervals, with the smaller precipitates between 0 and 6 nm and the larger ones between 10
and 50 nm. Generally, the reason for such a bimodal distribution is that the precipitates form
at different stages during the entire production process, with smaller precipitates mainly
forming in ferrite during the coiling and insulation and larger precipitates mainly forming
in austenite during the rolling. Using the McCall–Boyd method, the volume fraction of
nanometer-sized second-phase precipitates with smaller sizes in the experimental steel at
coiling temperatures of 600 ◦C and 650 ◦C were found to be 0.065% and 0.059%, respectively,
while the volume fractions of larger nanometer-sized second-phase precipitates were found
to be 0.00193% and 0.00154%, respectively. From the difference in volume fraction, it was
found that the volume fraction of the larger second-phase particles is relatively small,
and its strengthening effect is far less than that of precipitation strengthening caused by
several nanometer-sized precipitates. In addition, as shown in Figure 9, it was found
that when the coiling temperature was 600 ◦C, the peak of the smaller precipitate size
distribution was in the range of 2–3 nm, with a mean value of about 2.9 nm, while the
peak of the larger precipitate size distribution was in the range of 15–25 nm, with a mean
value of about 22.1 nm. When the coiling temperature was 650 ◦C, the peak of the smaller
precipitate size distribution was in the range of 3–4 nm, with a mean value of about 3.4 nm,
while the peak of the larger precipitate size distribution was in the range of 15–30 nm,
with a mean value of about 24.8 nm. In summary, compared with using 650 ◦C, not only
does the second-phase particle size at 600 ◦C decrease, but also the number and volume
fraction of the second-phase particles increase, thereby providing a stronger precipitation
strengthening effect. Generally, for Ti microalloyed steels, 600 ◦C often corresponds to
the optimum second-phase precipitation temperature, and Yi et al. [24] showed that, in
Ti-Mo microalloyed steels, 600 ◦C is the peak temperature of the second phase of the ferrite



Metals 2023, 13, 804 10 of 12

precipitation kinetic curve. Second-phase precipitation strengthening caused a slightly
greater increase in the yield strength than in the tensile strength, resulting in a slightly
higher yield ratio. In addition, Figure 10 shows the TEM observations of the dislocation
configuration for the thinned specimens. Figure 10a,b shows that the dislocation density
at 600 ◦C is higher than that at 650 ◦C, and the degree of contribution of the dislocation
strengthening to the yield strength is significantly greater than the effect of enhancing the
tensile strength; thus, the yield ratio is increased [25].

Metals 2023, 13, x FOR PEER REVIEW 11 of 13 
 

 

strengthening caused a slightly greater increase in the yield strength than in the tensile 
strength, resulting in a slightly higher yield ratio. In addition, Figure 10 shows the TEM 
observations of the dislocation configuration for the thinned specimens. Figure 10a,b 
shows that the dislocation density at 600 °C is higher than that at 650 °C, and the degree 
of contribution of the dislocation strengthening to the yield strength is significantly 
greater than the effect of enhancing the tensile strength; thus, the yield ratio is increased 
[25]. 

 
Figure 9. Size distribution of the second-phase precipitation in test steel at different coiling temper-
atures. 

 
Figure 10. Dislocation configuration of test steel at different coiling temperatures: (a) 650 °C; (b) 600 
°C. 

4. Conclusions 
(1) In the cooling rate range of 0.1~50 °C/s, as the cooling rate increases, the room 

temperature microstructure of the test steel gradually transitions as follows: F + P, F + P + 
B, F + B, B + M; in addition, the microstructure is refined and the hardness increases. A 
low cooling rate (0.1~1 °C/s) mainly led to F + P or F + P + a small amount of B; a medium 
cooling rate (3~20 °C/s) mainly led to F + B, with the hardness value not significantly 
changing; a high cooling rate (30, 50 °C/s) mainly led to B + a small amount of M, with the 
hardness substantially increasing. 

(2) The test steel was coiled at 650 °C to obtain polygonal ferrite and pearlite with a 
yield strength of 464 MPa, tensile strength of 581 MPa, yield ratio of 0.80, elongation after 

Figure 9. Size distribution of the second-phase precipitation in test steel at different coiling temperatures.

Metals 2023, 13, x FOR PEER REVIEW 11 of 13 
 

 

strengthening caused a slightly greater increase in the yield strength than in the tensile 
strength, resulting in a slightly higher yield ratio. In addition, Figure 10 shows the TEM 
observations of the dislocation configuration for the thinned specimens. Figure 10a,b 
shows that the dislocation density at 600 °C is higher than that at 650 °C, and the degree 
of contribution of the dislocation strengthening to the yield strength is significantly 
greater than the effect of enhancing the tensile strength; thus, the yield ratio is increased 
[25]. 

 
Figure 9. Size distribution of the second-phase precipitation in test steel at different coiling temper-
atures. 

 
Figure 10. Dislocation configuration of test steel at different coiling temperatures: (a) 650 °C; (b) 600 
°C. 

4. Conclusions 
(1) In the cooling rate range of 0.1~50 °C/s, as the cooling rate increases, the room 

temperature microstructure of the test steel gradually transitions as follows: F + P, F + P + 
B, F + B, B + M; in addition, the microstructure is refined and the hardness increases. A 
low cooling rate (0.1~1 °C/s) mainly led to F + P or F + P + a small amount of B; a medium 
cooling rate (3~20 °C/s) mainly led to F + B, with the hardness value not significantly 
changing; a high cooling rate (30, 50 °C/s) mainly led to B + a small amount of M, with the 
hardness substantially increasing. 

(2) The test steel was coiled at 650 °C to obtain polygonal ferrite and pearlite with a 
yield strength of 464 MPa, tensile strength of 581 MPa, yield ratio of 0.80, elongation after 

Figure 10. Dislocation configuration of test steel at different coiling temperatures: (a) 650 ◦C;
(b) 600 ◦C.

4. Conclusions

(1) In the cooling rate range of 0.1~50 ◦C/s, as the cooling rate increases, the room
temperature microstructure of the test steel gradually transitions as follows: F + P, F + P + B,
F + B, B + M; in addition, the microstructure is refined and the hardness increases. A low
cooling rate (0.1~1 ◦C/s) mainly led to F + P or F + P + a small amount of B; a medium
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cooling rate (3~20 ◦C/s) mainly led to F + B, with the hardness value not significantly
changing; a high cooling rate (30, 50 ◦C/s) mainly led to B + a small amount of M, with the
hardness substantially increasing.

(2) The test steel was coiled at 650 ◦C to obtain polygonal ferrite and pearlite with a
yield strength of 464 MPa, tensile strength of 581 MPa, yield ratio of 0.80, elongation
after fracture of 29.5%, yield point elongation of 1.81% and excellent comprehensive
mechanical properties.

(3) When the coiling temperature was 600 ◦C, the test steel microstructure mainly
consisted of quasi-polygonal ferrite, acicular ferrite, pearlite and a small amount of bainite.
Compared with the use of a coiling temperature of 650 ◦C, the nano second phase in the test
steel at 600 ◦C was smaller in size and more numerous and had a higher dislocation density,
which can produce stronger second-phase precipitation strengthening and dislocation
strengthening effects; the combined effect of the two strengthening methods increased the
yield strength of the test steel from 464 MPa to 538 MPa, the tensile strength from 581 MPa
to 645 MPa and the yield ratio from 0.80 to 0.83. At a coiling temperature of 550 ◦C, the
microstructure was mainly composed of bainite, which led to a significant increase in the
strength and yield ratio, a significant decrease of 15.6% in the elongation after fracture.
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