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Abstract

To address the strength fluctuation observed in Ti microalloyed steel, the effects of final
rolling temperature, coiling temperature, and Ti content on the microstructure, secondary
phase precipitation behavior, and grain size were investigated through simulation exper-
iments. Various characterization techniques were employed to elucidate the underlying
causes of the strength variation, and key control strategies were proposed. The results
indicate that the strength fluctuation is primarily influenced by the presence of nano-sized
TiC precipitates. The precipitation behavior of TiC can be effectively controlled by adjusting
the content of non-metallic elements as well as the final rolling and coiling temperatures.
Higher final rolling temperatures combined with appropriate coiling temperatures promote
increased TiC precipitation; however, excessively high temperatures may result in grain
coarsening and inhomogeneous precipitate distribution. The optimal processing parame-
ters were determined to be a final rolling temperature of 860 ◦C and a coiling temperature
of 600 ◦C.

Keywords: Ti microalloying; strength fluctuation; precipitated phase; final rolling
temperature; coiling temperature

1. Introduction
With the continuous increase in global demand for renewable energy, solar photo-

voltaic power generation technology has been widely adopted. As a critical component in
photovoltaic power generation systems, the performance of materials used for photovoltaic
mounting structures has attracted significant attention. Currently, the primary materials
used for photovoltaic brackets include hot-dip galvanized steel, aluminum alloy, and stain-
less steel [1]. However, when exposed to prolonged extreme environmental conditions
such as intense sunlight, strong winds, and snow or ice, the galvanized coating of hot-dip
galvanized steel is susceptible to corrosion and delamination, which can lead to serious
safety risks. Although aluminum alloys offer the advantage of being lightweight, their rela-
tively low yield strength limits their load-bearing capacity. Stainless steel, while exhibiting
excellent corrosion resistance, is associated with high manufacturing costs, which hinders
its widespread application [2]. Therefore, the development of novel photovoltaic bracket
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materials that integrate high strength and toughness, superior corrosion resistance, and
cost-effectiveness is of critical importance.

Weathering steel primarily achieves enhanced corrosion resistance through the ad-
dition of alloying elements such as Cu, Cr, and Ni [3–7], while its mechanical properties
are improved via microalloying techniques involving elements like Nb, V, and Ti [8–10]. It
exhibits favorable corrosion resistance and mechanical performance. However, the yield
strength of currently available weathering steel typically ranges from 500 to 700 MPa, which
is relatively low. Moreover, its corrosion resistance does not fully satisfy the requirements
for steel materials used in photovoltaic support structures. Therefore, the development of
high-strength, lightweight, durable, and economically viable weathering steel tailored for
photovoltaic support applications remains a significant technical challenge [11–13].

This paper aims to address the limitations in corrosion resistance and economic
efficiency of photovoltaic support structures in complex environmental conditions. To
achieve this, alloying elements such as Cu, Cr, Ni, and Sb are introduced to enhance
corrosion resistance, while a single Ti microalloying strategy is employed to develop
an economically viable, high-strength, corrosion-resistant steel suitable for photovoltaic
support structures, with a tensile strength exceeding 700 MPa. However, the addition
of Ti may lead to notable fluctuations in the strength of hot-rolled steel strips, thereby
complicating the structural design of photovoltaic supports. Studies on the precipitation
behavior of Ti have shown a significant influence on these strength variations [14–18].
Compared to Nb and V, Ti offers a more pronounced strengthening effect at a lower cost.
In steel, Ti primarily exists in the form of precipitates such as TiN, TiC, Ti4C2S2, TiO, and
TiS [19], among which TiC particles can be as small as 10 nm and are considered the
primary contributor to strengthening [20,21]. Mao et al. successfully obtained nano-sized
TiC precipitates through Ti microalloying, achieving a yield strength of 730 MPa [12]. Peng
et al. reported that the TiC content significantly influences the material’s strength; the yield
stress of steel subjected to isothermal treatment with a higher TiC content increased by
211 MPa compared to that of air-cooled steel [11].

Although Ti exhibits a significant strengthening effect, Ti microalloyed steels are char-
acterized by a complex variety of second-phase types and a broad precipitation temperature
range. During the production process, this complexity can lead to an uneven distribution
of precipitates, which may result in variations in strength across different steel coils or
within different regions of the same coil [22,23]. Research has shown that the precipita-
tion behavior of Ti is primarily influenced by the final rolling temperature and coiling
conditions [24,25]. Ti precipitates can form through various mechanisms, including inter-
phase precipitation, dispersion precipitation, and deformation-induced precipitation. These
mechanisms are predominantly governed by the final rolling temperature; higher final
rolling temperatures generally promote a greater volume of precipitates [26–28]. According
to the research by Natarajan et al., appropriately increasing the coiling temperature can
enhance precipitate formation. However, excessively high coiling temperatures may lead
to grain coarsening, which is detrimental to grain refinement strengthening [25]. Similarly,
Patra et al. reported that raising the coiling temperature from 520 ◦C to 580 ◦C increases
both the number of precipitates and dislocation density, resulting in a 50 MPa improvement
in yield strength [29].

The microalloying regulation mechanism of weathering steel used in photovoltaic
support structures has been extensively investigated. However, the currently used single
Ti microalloyed steel still faces challenges, including generally low strength, unclear Ti
precipitation behavior, and the mechanism underlying strength fluctuations. To address
these issues, an ultra-high-strength weathering steel for photovoltaic support applications
with varying Ti contents was designed in this study. The effects of final rolling temperature
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and coiling temperature on the precipitation behavior of the second phase and microstruc-
tural evolution were analyzed through thermodynamic calculations and hot simulation
experiments. Based on these findings, the precipitation-strengthening mechanism and the
mechanism responsible for strength fluctuations were proposed and validated through
pilot rolling experiments. This research provides a solid theoretical foundation and valuable
reference for the development and production of next-generation lightweight weathering
steels for photovoltaic support systems.

2. Materials and Methods
2.1. Experimental Materials

In this study, the low-C principle was applied, and corrosion-resistant alloying el-
ements such as Cr, Ni, Cu, and Sb were added in appropriate proportions to develop
weathering steels with varying Ti contents. The chemical compositions of the designed
steels are summarized in Table 1.

Table 1. Chemical composition of Ti microalloyed corrosion-resistant steel (mass%).

Steels C Si Mn P S Als Cu Ni Cr Sb Ti

NS1 0.063 0.251 1.01 0.004 0.002 0.021 0.290 0.151 0.92 0.087 0.140
NS2 0.060 0.250 1.03 0.004 0.002 0.024 0.30 0.157 0.91 0.083 0.062

2.2. Thermal Simulation Experiment

Thermal simulation experiments were conducted using the MMS 200 thermal sim-
ulation testing machine (Northeastern University, Shenyang, China) to simulate the hot
rolling process of NS1 steel. The specimens used in the experiments were cylindrical with a
diameter of 5 mm and a length of 15 mm.

To investigate the effect of final rolling temperature on the precipitation behavior of
the secondary phase, the samples were first heated to 1200 ◦C at a rate of 10 ◦C/s and held
for 300 s. They were then cooled at a rate of 10 ◦C/s to 1050 ◦C, followed by single-pass
compression deformation with a reduction of 6 mm. Subsequently, the samples were cooled
at the same rate to different target temperatures (800, 830, 860, and 890 ◦C) and subjected
to another single-pass compression with a reduction of 4 mm. The strain rate during
compression was maintained at 5 mm/s. After deformation, the samples were cooled at
a rate of 20 ◦C/s to 600 ◦C and then at a slower rate of 0.1 ◦C/s to room temperature to
simulate the coiling process. The experimental procedure is illustrated in Figure 1a.

Figure 1. Thermal simulation process diagram of corrosion-resistant steel: (a) experimental processes
with different final rolling temperatures; (b) experimental processes at different coiling temperatures.
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To investigate the effect of coiling temperature on the precipitation behavior of the sec-
ondary phase, after the first pass of compression, the sample was cooled at a rate of 10 ◦C/s
to 860 ◦C for single-pass compression deformation, which simulated the finish rolling
process, with a reduction of 4 mm. The strain rate during compression was maintained at
5 mm/s. Following deformation, the sample was subsequently cooled at a rate of 20 ◦C/s
to various target temperatures (540, 570, 600, and 630 ◦C) and then cooled at a slower rate
of 0.1 ◦C/s to room temperature to simulate the coiling process. The corresponding thermal
processing schedule is illustrated in Figure 1b.

2.3. Microstructure Characterization

The specimen was sectioned at a location 1 mm below the thermocouple of the ther-
mal simulation specimen, along a direction perpendicular to the deformation direction.
Following polishing of the cross-sectional surface, the specimen was etched using a 4 vol.%
nitric acid alcohol solution for approximately 30 s. Subsequently, the microstructure was
examined using a ZEISS Ultra55 field emission scanning electron microscope (SEM) (ZEISS,
Oberkochen, Germany).

A 500 µm thick cross-sectional slice was cut perpendicular to the deformation direction,
located 1 mm below the thermocouple. The specimen was first mechanically polished to a
thickness of approximately 45 µm and subsequently subjected to double-jet electropolishing
in a solution containing 9 vol.% perchloric acid in ethanol at a temperature of −23 ◦C
and a voltage of 28 V. The size, morphology, and spatial distribution of the precipitated
particles were analyzed using a Tecnai G2 F20 transmission electron microscope (TEM)
(FEI, Hillsboro, OR, USA).

Electrolytic polishing was carried out using an ElectroMetTM4 Polisher Etcher elec-
trolytic polisher (Buehler, Lake Bluff, IL, USA). The electrolytic polishing solution was
a mixture of perchloric acid and anhydrous ethanol (1:7), and the electrolytic polishing
parameters were 20 V for 20 s. Subsequently, EBSD analysis was conducted using a ZEISS
Ultra55 field emission scanning electron microscope.

2.4. Mechanical Performance Test

The micro-Vickers hardness of the sample was measured using an FM-700 microhard-
ness tester (Future-Tech Corp, Kawasaki, Japan) under a load of 300 gf and a loading time
of 10 s. The tensile test was conducted at room temperature using a 5105-SANS electronic
universal tensile testing machine (Sans, Shenzhen, China) at a tensile speed of 3 mm/min.

2.5. Hot Rolling Experiment

Forged square billets with a thickness of 80 mm were homogenized at 1200 ◦C for 2 h
in a heating furnace. Then, they were hot-rolled to a thickness of 3 mm in two stages using
a Φ450 mm two-high reversible rolling mill (Northeastern University, Shenyang, China),
with reduction rates of 76% and 84% for rough rolling and finish rolling, respectively. After
rolling, the steel plates were sprayed with water to cool to different temperatures and then
cooled to room temperature in the furnace.

3. Results
3.1. Equilibrium Phase Diagrams with Different Ti Contents

The equilibrium phase diagrams of weathering steels with varying Ti contents, cal-
culated using JMatPro thermodynamic simulation software (Sente, Guildford, UK), are
presented in Figure 2. As the Ti content increases from 0.062% to 0.140%, the phase trans-
formation temperatures Ac1 and Ac3 rise from 712 ◦C and 847 ◦C to 715 ◦C and 854 ◦C,
respectively. Ti is a strong carbide-forming element that preferentially reacts with carbon to
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form stable TiC, thereby decreasing the concentration of free carbon in the matrix. Since
the formation of austenite depends on the dissolution of carbon atoms, the reduced carbon
activity results in lower carbon solubility in ferrite. Consequently, a higher temperature
is required to achieve the necessary carbon concentration for austenite nucleation, which
leads to an increase in the phase transformation temperatures.

Figure 2. The equilibrium phase diagram of the experimental steel: (a) NS1; (b) NS2.

As the precipitation temperature decreases, the primary precipitated phases in the NS1
and NS2 weathering steels include TiN, Ti4C2S2, Ti(C,N), M7C3, Cu, M3P, and M23C6 [30].
Notably, the commonly observed MnS phase in conventional steels did not form in the
experimental steel. This is attributed to the higher thermodynamic stability and formation
tendency of Ti sulfides and carbides compared to MnS. The absence of large-sized MnS
inclusions, which are detrimental to the overall mechanical properties of the steel, is
beneficial for enhancing the material’s comprehensive mechanical performance.

3.2. The Influence of Final Rolling Temperature on Microstructure
3.2.1. Microstructure

The microstructure and Vickers hardness of NS1 steel at a coiling temperature of
600 ◦C and various final rolling temperatures were investigated through thermal simu-
lation experiments, as presented in Figures 3 and 4, respectively. Based on the analysis
of microhardness and morphological features, the microstructure under different final
rolling temperatures was identified as polygonal ferrite combined with granular bainite.
Furthermore, it was observed that the grain size of NS1 steel decreased with decreasing
final rolling temperature. This phenomenon can be attributed to the higher dislocation
density retained in the steel at lower final rolling temperatures, which provides more
nucleation sites for subsequent phase transformations, inhibits grain growth, and thereby
contributes to grain refinement [31–33].

3.2.2. Precipitation Morphology

The Ti element initially forms compounds with O, N, and S elements present in the
steel. Any remaining Ti subsequently combines with C. When sufficient carbon is available
in the steel, the solubility of Ti is directly proportional to the temperature. The solubility of
Ti in austenite can be described by Equation (1) [34]:

log([Ti][C])= 3.21 − 7489/T (1)

According to the calculations, when the final rolling temperature is 800 ◦C, the max-
imum solid solubility of Ti in the weathering steel is approximately 0.056%. When the
final rolling temperature increases to 860 ◦C, the maximum solid solubility of Ti rises
to approximately 0.081%, and at 890 ◦C, it reaches approximately 0.098%. These results
indicate that as the final rolling temperature increases, the solid solubility of Ti in the
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steel also increases, leading to a greater number of fine TiC precipitates formed during
the subsequent coiling process. This phenomenon enhances precipitation strengthening in
the steel. The morphology of the precipitated phases in NS1 steel at different final rolling
temperatures is presented in Figure 5. It can be observed that the number of precipitated
phases at 860 ◦C is significantly higher than that at 800 ◦C. Therefore, within the temper-
ature range of 800~860 ◦C, the increase in Vickers hardness with increasing final rolling
temperature is primarily attributed to precipitation strengthening [35]. However, when
the final rolling temperature increases further from 860 to 890 ◦ C, the decrease in Vickers
hardness is mainly due to the effect of fine-grain strengthening [36].

Figure 3. Microstructure of NS1 at different final rolling temperatures: (a1,a2) 800 ◦C; (b1,b2) 830 ◦C;
(c1,c2) 890 ◦C. F represents ferrite, and B represents bainite.
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Figure 4. The variation law of Vickers hardness at different final rolling temperatures.

Figure 5. Morphology of precipitated phases at different final rolling temperatures: (a) 860 ◦C;
(b) 800 ◦C.

3.3. The Influence of Curling Temperature on Microstructure
3.3.1. Microstructure

The microstructure of NS1 steel at the final rolling temperature of 860 ◦C and various
coiling temperatures is presented in Figure 6. When the coiling temperature is set at 540 ◦C,
the microstructure of NS1 steel, as shown in Figure 6(a1,a2), is predominantly composed of
granular bainite with a minor amount of polygonal ferrite. This can be attributed to the
relatively large undercooling at this stage, leading to a transformation of the transitional
type. At a coiling temperature of 570 ◦C (Figure 6(b1,b2)), it can be observed that with the
increase in coiling temperature, more austenite undergoes diffusion-type transformation.
Consequently, the bainite content in the microstructure increases, while the ferrite content
decreases. When the coiling temperature reaches 600 ◦C (Figure 6(c1,c2)), the ferrite content
surpasses that of bainite in the microstructure. Further increasing the coiling temperature
to 630 ◦C (Figure 6(d1,d2)) results in a microstructure primarily consisting of polygonal
ferrite with a small proportion of pearlite [37].
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Figure 6. Microstructure of NS1 at different coiling temperatures: (a1,a2) 540 ◦C; (b1,b2) 570 ◦C;
(c1,c2) 600 ◦C; (d1,d2) 630 ◦C. F represents ferrite, B represents bainite, and P represents Pearlite.

The variation law of Vickers hardness of NS1 steel under different thermal simulation
processes is shown in Figure 7. When the final rolling temperature is set at 860 ◦C and the
coiling temperature falls within the range of 540~630 ◦C, the Vickers hardness of the steel
exhibits an initial increasing trend followed by a decrease. The maximum Vickers hardness
is achieved when the coiling temperature is 600 ◦C.

Figure 7. Vickers hardness of NS1 steel at different coiling temperatures.

The inverse pole figure (IPF) diagrams of NS1 steel at various coiling temperatures
are presented in Figure 8. When the coiling temperatures are set at 540, 570, 600, and
630 ◦C, respectively, the corresponding grain sizes of the NS1 steel are measured as 2.31,
3.21, 3.34, and 3.45 µm. With the increase in coiling temperature, the grain size exhibits a
gradual upward trend. This phenomenon can be attributed to the fact that higher coiling
temperatures supply greater thermal energy, which promotes grain growth [38].

The strengthening effect resulting from grain refinement is described by the Hall-Petch
equation, as presented in Equation (2). Among various strengthening mechanisms, grain
refinement is unique in that it simultaneously improves both the strength and toughness of
materials. Grain refinement can be achieved through several approaches, including refining
austenite grains or introducing dislocations prior to phase transformation, promoting nucle-
ation sites within austenite, and controlling grain size during phase transformation cooling.
The grain size can be effectively regulated by optimizing the hot rolling process [39]. Due
to the differing crystallographic orientations among adjacent grains, microcracks encounter
significant resistance when propagating across grain boundaries. Upon traversing a grain,
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the crack propagation direction changes, which further impedes fracture. As grain size
decreases, the number of grain boundaries increases, leading to a greater number of grains
with varying orientations that must be accommodated during deformation. Consequently,
higher energy is required for microcrack propagation, coalescence, and ultimate material
failure, which is macroscopically observed as an enhancement in material strength.

σg = kyd−
1
2 (2)

where σg denotes the contribution of fine-grain strengthening; d denotes the average
grain size in millimeters; ky denotes the proportionality coefficient. For steel materials, its
value ranges from 14.0 to 23.4 MPa·mm1/2, and in low-carbon steel, 17.4 MPa·mm1/2 is
commonly adopted.

As the coiling temperature of NS1 steel increases from 540 ◦C to 630 ◦C, the grain
size increases from 2.31 µm to 3.45 µm, σg decreases from 362 MPa to 295 MPa, and the
contribution of fine grain strengthening drops by 67 MPa.

Figure 8. IPF maps of NS1 at different coiling temperatures: (a) 540 ◦C; (b) 570 ◦C; (c) 600 ◦C; (d) 630 ◦C.

3.3.2. Precipitation Morphology

The variation in Vickers hardness at different coiling temperatures can be attributed to
the combined effects of grain refinement strengthening and precipitation strengthening.
Figure 9 presents the morphology and elemental composition of the precipitated phases in
NS1 steel at coiling temperatures of 540 ◦C and 600 ◦C. At 540 ◦C, only a limited number
of precipitated phases are observed, with all of them exceeding 10 nm in size. In contrast,
at 600 ◦C, in addition to a few large precipitated phases, numerous fine precipitates are
dispersed throughout the microstructure.

The second-phase precipitates can be categorized into two distinct types based on the
temperature ranges at which they form. The first type develops during the rolling process.
This occurs because plastic deformation generates a significant number of dislocations,
which in turn promote the nucleation of the second phase. Due to the relatively high precip-
itation temperature associated with this type, the resulting precipitates are comparatively
large in size [40,41]. The second type forms during the coiling process. As the temperature
decreases, the solubility of alloying elements diminishes. When the concentration of these
elements exceeds their maximum solubility through diffusion, they precipitate uniformly
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within the ferrite matrix [42]. This type of precipitation occurs at a lower temperature,
leading to finer precipitate particles that provide a pronounced precipitation-strengthening
effect [43].

Figure 9. Morphology and elemental composition of the precipitated phases of NS1 at different
coiling temperatures: (a1,a2) 540 ◦C; (b1,b2) 600 ◦C.

When the coiling temperature is 540 ◦C, the relatively low temperature results in lim-
ited diffusion capability of the alloying elements, making it difficult to precipitate and form
compounds during the coiling process. Consequently, only a small quantity of large-sized
precipitates, primarily induced by deformation, is present. In contrast, when the coiling
temperature is increased to 600 ◦C, the elevated temperature provides sufficient energy
to promote nucleation, while the slower cooling rate during coiling allows ample time
for precipitation. As a result, numerous fine precipitates are uniformly dispersed within
the ferrite matrix [44]. According to the energy-dispersive X-ray spectroscopy analysis of
precipitates in NS1 steel, the primary precipitates at 540 ◦C are TiC and TiN, whereas TiC
is predominantly observed at 600 ◦C. Based on the statistical analysis of 20 representative
transmission electron microscopy (TEM) images, the average precipitate sizes at coiling tem-
peratures of 540 ◦C and 600 ◦C are 11.34 nm and 3.67 nm, respectively. The corresponding
average precipitate spacings are calculated to be 276 nm and 48 nm, respectively.

The volume fraction and size of the secondary phase are the primary factors that
influence its strengthening effect. Dislocations in steel interact with the secondary phase,
thereby impeding their movement [45]. When dislocations bypass non-deformable sec-
ondary phase particles, the relationship between the increase in strength and the volume
fraction, as well as particle size, is described by Equations (3) and (4).

σp ∝ f
1
2 d−1lnd (3)

σp = 0.298
µb
l

ln

(√
2
3
× d

b

)
(4)

where σp denotes the contribution of precipitation strengthening, MPa; f denotes the
volume fraction of the second phase, %; d denotes the diameter of the precipitated particles
in nanometers, nm; µ denotes the shear modulus, which is taken as 8 × 104 MPa; b denotes
the Burgers vector of dislocations with a value of 2.5 × 10−7 mm; l denotes the spacing
between precipitates, nm. Calculations indicate that when the coiling temperature is set to
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540 ◦C and 600 ◦C, the increments of precipitation strengthening are 78 MPa and 226 MPa,
respectively. These results suggest that an increase in coiling temperature significantly
enhances the precipitation-strengthening effect.

3.4. The Influence of Ti Content on Microstructure

The microstructure of NS2 steel under varying final rolling and coiling temperatures is
presented in Figure 10. In comparison with NS1 steel, a reduction in Ti content from 0.15%
to 0.07% does not alter the microstructural type, which remains composed of granular
bainite, ferrite, and a minor amount of pearlite.

The variation in the Vickers hardness of NS2 steel under different thermal simulation
processes is shown in Figure 11. When the final rolling temperature is maintained at 860 ◦C,
and the coiling temperature ranges between 540 ◦C and 630 ◦C, the Vickers hardness of
NS2 steel initially increases and subsequently decreases, reaching its maximum value at a
coiling temperature of 600 ◦C. Conversely, when the coiling temperature is fixed at 600 ◦C,
and the final rolling temperature varies between 800 ◦C and 890 ◦C, the Vickers hardness
remains relatively stable with no significant variation. The overall Vickers hardness of NS2
steel is lower than that of NS1 steel, which can be attributed to a reduction in Ti content
from 0.15% to 0.07%, thereby weakening the effects of precipitation strengthening and
grain refinement strengthening [44,46].

Figure 10. Microstructure of NS2 under different thermal simulation processes: (a) final rolling
temperature: 860 ◦C, coiling temperature: 540 ◦C; (b) final rolling temperature: 860 ◦C, coiling
temperature: 570 ◦C; (c) final rolling temperature: 860 ◦C, coiling temperature: 600 ◦C; (d) final
rolling temperature: 860 ◦C, coiling temperature: 630 ◦C; (e) final rolling temperature: 800 ◦C, coiling
temperature: 600 ◦C; (f) final rolling temperature: 830 ◦C, coiling temperature: 600 ◦C.

Figure 11. Vickers hardness of NS2 steel under different thermal simulation processes: (a) different
coiling temperatures; (b) different final rolling temperatures.
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The variation range of Vickers hardness in NS2 steel is smaller than that of NS1 steel
with changes in coiling temperature. This can be attributed to the reduced Ti content in
NS2 steel, which decreases the solid solubility of Ti during the coiling process, thereby
diminishing the influence of coiling temperature on the material’s hardness. Changes
in the final rolling temperature, however, have minimal effect on the Vickers hardness
of NS2 steel. This is because, at 800 ◦C, the maximum solid solubility of Ti in NS2 steel
reaches approximately 0.056%, which is nearly equivalent to the actual Ti content added.
Consequently, an increase in the final rolling temperature does not significantly alter the
solid solubility of Ti, resulting in a relatively minor impact on the Vickers hardness.

When the coiling temperature is set at 600 ◦C, and the final rolling temperature is
860 ◦C, the morphology and elemental composition of the precipitated phases in NS1
and NS2 steels were analyzed, and the results are presented in Figure 12. As shown in
the figure, NS1 steel, which contains a higher Ti content, exhibits a greater number of
precipitates compared to NS2 steel, thereby contributing more significantly to precipitation
strengthening. The elemental composition of the secondary phase precipitates in NS2
corrosion-resistant steel, as shown in Figure 12c,d, primarily consists of Ti, C, and N [47].

Figure 12. Morphology and elemental composition of precipitated phases in corrosion-resistant steels
with different compositions: (a) morphology of the NS1 precipitated phase; (b,c) morphology of the
NS2 precipitated phase; (d) elemental composition of the NS2 precipitated phase.

4. Discussion
4.1. Strengthening Mechanism

The strengthening mechanism of NS1 steel was investigated through actual rolling
experiments. The microstructures of NS1 steel under different rolling processes are pre-
sented in Figure 13. The microstructures of NS1-1, NS1-2, and NS1-3 corrosion-resistant
steels consist of ferrite and granular bainite. When the final rolling temperature is 916 ◦C,
the polygonal ferrite grain size ranges approximately from 5 to 15 µm, with non-uniform
grain sizes and uneven distribution. As the final rolling temperature decreases, the ferrite
morphology transitions from polygonal to acicular ferrite, and the grain size is reduced.
This phenomenon can be attributed to the increased stored energy within the grains caused
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by the lower rolling temperature, which inhibits austenite recrystallization and refines
austenite grains, thereby creating favorable conditions for subsequent ferrite transformation.
NS1-3, NS1-4, and NS1-5 steels represent the microstructural variations in the experimen-
tal steel under the same final rolling temperature but different coiling temperatures. As
observed in the figure, a decrease in coiling temperature leads to a significant refinement
of the grain structure. Lower coiling temperatures increase the cooling rate, reduce the
diffusivity of carbon atoms, and hinder the ferrite transformation process, resulting in a
decrease in the relative proportion of ferrite and an increase in bainite content. Within the
granular bainite of NS1 steel, numerous granular carbides are dispersed throughout the
massive or acicular ferrite matrix. Granular bainite contributes to the strengthening of the
steel as a second phase, while the massive ferrite matrix ensures the material’s ductility and
toughness. Consequently, a higher number of carbide particles correlates with increased
yield and tensile strengths of the granular bainite.

Figure 13. Microstructure of experimental steel under different rolling processes: (a) final rolling
temperature: 916 ◦C, coiling temperature: 600 ◦C; (b) final rolling temperature: 866 ◦C, coil-
ing temperature: 600 ◦C; (c) final rolling temperature: 840 ◦C, coiling temperature: 600 ◦C;
(d) final rolling temperature: 860 ◦C, coiling temperature: 620 ◦C; (e) final rolling temperature:
860 ◦C, coiling temperature: 570 ◦C.

The mechanical properties of NS1 steel under different rolling processes are presented
in Table 2 and Figure 14. With a decrease in the final rolling temperature, the yield strength
and tensile strength of NS1 steel increase, while the elongation exhibits a slight reduction.
This phenomenon can be attributed to the fact that lowering the final rolling temperature
enhances the internal stored energy of the grains and suppresses the recrystallization
behavior of austenite, thereby refining the austenite grains and creating favorable con-
ditions for subsequent ferrite phase transformation. Consequently, the ferrite grains are
significantly refined. The transformation temperature also exerts a notable influence on the
microstructure of bainite, which in turn plays a crucial role in determining its mechanical
properties. The presence of numerous granular carbides distributed within the granular
bainite enhances the second-phase strengthening effect, thereby contributing to the overall
increase in yield strength and tensile strength of the experimental steel. As the coiling
temperature decreases, the elongation of NS1 steel diminishes, while the yield strength
gradually increases. This is primarily due to the grain refinement induced by the reduced
coiling temperature, a decrease in pearlite content, and an increase in granular bainite
content, which enhances the strength of the steel but negatively affects its elongation.
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Table 2. Hot rolling process parameters and mechanical properties of experimental steels.

Mechanical Properties

Steels
Final Rolling

Temperature/◦C
Coiling

Temperature/◦C Yield
Strength/MPa

Tensile
Strength/MPa

Yield-to-
Strength

Ratio

Elongation
Rate/%

NS1-1 916 600 697 855 0.82 18.0
NS1-2 866 600 815 885 0.92 17.5
NS1-3 840 600 818 898 0.93 13.3
NS1-4 860 620 779 877 0.89 18.1
NS1-5 860 570 829 928 0.89 13.8

Figure 14. Comparison of mechanical properties of experimental steels: (a) different final rolling
temperatures; (b) different coiling temperatures.

Under the same final rolling temperature, a lower coiling temperature enhances the
strength of steel but reduces its elongation. Through a comparative analysis of the mechan-
ical properties of the experimental steel at varying coiling temperatures, it was found that
NS1 steel achieved optimal performance at a coiling temperature of 600 ◦C. At this tem-
perature, the yield strength and tensile strength were 815 MPa and 885 MPa, respectively,
with an elongation of 17.5%. The corresponding final rolling temperature was 866 ◦C, and
the coiling temperature was 600 ◦C. The optimal process parameters for NS1-2 steel were
consistent with those identified in the aforementioned thermal simulation experiment.

To further investigate the strengthening mechanism of NS1-2 steel, the morphology of
precipitated phases is presented in Figure 15. As observed from the figure, the steel contains
precipitates of varying sizes, both large and small, which are approximately elliptical in
shape. The smaller precipitates are predominantly composed of Fe and C and may include
Fe3C or complex carbides containing Ti, Cr, and Mn. In contrast, the larger precipitates
primarily consist of Fe, Ti, and C and are likely to be TiC. This observation aligns with the
simulation results presented in the aforementioned content, where TiC was identified as
the main precipitated phase in the experimental steel when the coiling temperature was set
at 600 ◦C.

Twenty representative TEM images were taken, and the size and spacing of the
precipitated phases were statistically analyzed using Image-Pro Plus 6.0 software (Media
Cybernetics, Rockville, MD, US). The average size of the precipitated phases was 4.87 nm,
and the calculated spacing of the precipitates was 62 nm. According to Formulas (3) and (4),
the precipitation strengthening increment of NS1-2 steel was calculated to be 265 MPa, and
the contribution of fine-grain strengthening was 306 MPa. It can be seen that the excellent
strength performance of NS1-2 steel is the result of the combined effect of fine-grain
strengthening and precipitation strengthening. The coordinated cooperation of multiple
strengthening methods makes the performance of NS1-2 experimental steel the best.

https://doi.org/10.3390/met16050526

https://doi.org/10.3390/met16050526


Metals 2026, 16, 526 15 of 19

Figure 15. Morphology and elemental composition of precipitated phases in NS1-3 steel:
(a,b) fine-sized precipitated phase; (c,d) large-sized precipitated phase.

4.2. Mechanism of Intensity Fluctuation

The strength fluctuation observed in Ti-microalloyed weathering steel is influenced
by multiple factors. Variations in the content of N, O, and S can lead to fluctuations in
the steel’s strength. This occurs because the compounds formed between Ti and these
non-metallic elements (O, N, and S) precipitate prior to TiC. Consequently, fluctuations
in the levels of non-metallic elements affect the amount of TiC precipitate formed, which
in turn influences the mechanical properties of the steel. Therefore, during composition
design, it is essential to ensure that an adequate amount of Ti remains available to react
with C after forming compounds with O, N, and S. This ensures the formation of a large
number of finely dispersed TiC precipitates during the subsequent coiling process.

The variation in the final rolling temperature can lead to fluctuations in the mechanical
strength of weathering steel. As the Ti element content decreases, the mechanical properties
of the steel become more stable. Unlike other steel grades with different compositional
systems, the final rolling temperature of Ti-microalloyed corrosion-resistant steel not only
influences grain size but also affects the solid solution content of Ti, which in turn has
a significant impact on the overall mechanical properties. Therefore, the final rolling
temperature should not be set too low. An appropriately increased final rolling temperature
facilitates the formation of TiC precipitates. At the same time, excessively high temperatures
should be avoided to prevent grain coarsening. Based on this study, the optimal final rolling
temperature is determined to be 860 ◦C.

The variation in coiling temperature can also lead to fluctuations in the strength of
weathering steel. The Ti element is highly sensitive to precipitation temperature. Re-
search has shown that when the coiling temperature is below 540 ◦C, TiC precipitation
is difficult to achieve. However, when the coiling temperature exceeds 630 ◦C, although
TiC does precipitate, it may result in grain coarsening and the formation of a pearlite
structure, which is detrimental to corrosion resistance. Therefore, in practical production
processes, variations in coiling temperature significantly influence the mechanical proper-
ties of corrosion-resistant steel. This study concludes that the optimal coiling temperature
for corrosion-resistant steel is 600 ◦C.
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In conclusion, the most significant factors influencing strength fluctuations are the
morphology, quantity, and distribution of precipitates. Taking the analysis results of
precipitate morphology under different rolling processes presented in Section 4.1 into
account, the optimal production process for NS1 steel is determined to involve a final
rolling temperature of 860 ◦C and a coiling temperature of 600 ◦C.

5. Conclusions
This paper involves an in-depth study on the strengthening mechanism of high-

strength weathering steel used for photovoltaic support, clarifies the precipitation law
of the second phase, identifies the mechanism of strength fluctuation, and proposes key
control measures. The main conclusions are as follows:

(1) When the final rolling temperature ranges between 800 and 890 ◦C, an increase in the
final rolling temperature results in a rise in the content of dissolved Ti from 0.056% to
0.081%. Consequently, the number of precipitated phases in NS1 steel increases, with
TiC being the dominant precipitated phase. This phenomenon leads to an increase in
the Vickers hardness of NS1 steel, from 259 HV to 314 HV.

(2) With the increase in coiling temperature, the Vickers hardness of NS1 steel exhibits a
trend of initial increase followed by a decrease. At a coiling temperature of 540 ◦C,
only large-sized deformation-induced precipitates are present in NS1 steel, with
diameters exceeding 10 nm. When the coiling temperature rises to 600 ◦C, a significant
number of fine and dispersed TiC precipitates form within the ferrite matrix, with
over 90% of these precipitates having diameters smaller than 10 nm. This results in
an enhancement of the precipitation strengthening effect by approximately 148 MPa.
However, the grain growth that occurs at higher temperatures leads to a reduction in
the contribution of fine-grain strengthening by 62 MPa.

(3) When the Ti content in steel decreased from 0.140% to 0.062%, there was no significant
change in the microstructure type, which remained predominantly composed of
granular bainite, ferrite, and a minor amount of pearlite. However, the quantity of the
precipitated phase was notably reduced, leading to an improvement in the stability of
the mechanical properties.

(4) The strength fluctuation of NS1 steel is primarily influenced by the nanoscale TiC
precipitated phase. The precipitation behavior of TiC can be effectively controlled
by adjusting the content of non-metallic elements, as well as the final rolling and
coiling temperatures. Under the optimized processing conditions of a final rolling
temperature of 860 ◦C and a coiling temperature of 600 ◦C, the optimal combination
of mechanical properties and enhanced strength stability can be achieved. Under
these conditions, the material exhibits a yield strength of 815 MPa, a tensile strength
of 885 MPa, and an elongation of 17.5%.
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