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Abstract: Nb-V-Ti-Mo complex microalloyed high-strength fire-resistant steel was obtained through
two-stage hot rolling and laminar cooling. The results showed that the microstructure of the steel
included bainite ferrite and martensite-austenite constituent (i.e., MA) islands. The experimental
steel displayed high strength at room temperature, with a yield strength (YS) of 617 MPa and
tensile strength of 813 MPa (elongation = 18.5%). As the temperature increased to 700 °C, the high-
temperature yield strength gradually decreased. Electron backscatter diffraction (EBSD) was used to
analyze the experimental steels at different temperatures. The grain sizes did not grow significantly. A
small number of nanoprecipitates with an average diameter of 29.2 nm were distributed in the matrix
of the as-rolled specimen. Upon increasing the temperature, the number of fine nanoprecipitates
gradually increased, resulting in a gradual decrease in their average diameter, reaching a minimum
of 19.4 nm at 600 °C. The Orowan equation explained well the precipitation strengthening effect of
the nanoprecipitates that formed at a high temperature. At both room temperature and 300 °C, the
Ashby work hardening theoretical curves were consistent with the experimental true stress-strain
curves. Dynamic recovery and recrystallization occurred at 600 °C, which caused the experimental
true stress-strain curve to deviate from the calculated curve.

Keywords: high-temperature property; elastic modulus; precipitation strengthening; work harden-
ing behavior

1. Introduction

In recent years, due to rapid socioeconomic development, many large landmark
buildings with multiple floors have been constructed [1-4]. Compared with conventional
mild steel, high-strength low-alloy steel (HSLA) can greatly reduce construction costs
(material costs, transportation costs, energy consumption, and carbon emissions) because of
its high strength (yield and tensile strength), low weight, green properties, and good safety,
and can also reduce materials” usage (including steel, welding materials, and coatings) [5,6].
However, high-rise buildings are prone to fires and other disasters because of their many
floors, complex functions, and many pipe shafts; because of this, high-rise buildings have a
“chimney effect” that makes fires difficult to control. Due to improved living standards
and an increase in population density, buildings have become taller, and decoration is
increasingly high-grade, which uses many combustible materials. This increases the fire
load density (equivalent combustible mass per unit area), which increases the risk of fire;
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thus, it has become imperative to study the fire resistance of structural steel [7]. The yield
strength of conventional mild steel at 600 °C is less than 1/2 its room-temperature value,
causing it to lose its bearing capacity; thus, fire-resistant steel must meet the criterion:
YS (600 °C) > 2/3 YS (room-temperature design yield strength) [3,8].

To develop high-strength fire-resistant steels, researchers have conducted extensive ex-
perimental work, and existing studies have concluded that the microstructure composition
helps fire-resistant steels maintain their high-temperature properties. As the microstruc-
ture develops from ferrite/pearlite to ferrite/bainite and full bainite, the strength of steel
increases. The main microstructure of several fire-resistant steels studied by Lee [9] was
polygonal ferrite + pearlite with bainite, and the high-temperature strength of steel in-
creased as the amount of bainite increased. Sha [10-12] concluded that fire-resistant steels
with ferrite + a small amount of bainite in their microstructure displayed better high-
temperature properties. Bainite improved the high-temperature strength of high-strength
fire-resistant steels, and the yield strength of fire-resistant steels at 600 °C was enhanced
upon increasing the volume fraction of bainite in the microstructure. Mo was the most
effective element for improving the high-temperature properties [13], but it is a rare and
expensive metal that increases the cost of fire-resistant steel. Therefore, the carbonitrides,
forming elements such as Nb, V, and Ti, and accelerated cooling techniques have been used
to replace the role of Mo to obtain sufficient volume fractions of bainite in the microstruc-
ture and carbide nanoprecipitates at elevated temperatures [14-19]. Compared to complex
repeated heat treatments after rolling, it is cheaper while maintaining performance [20,21].
Interphase precipitation strengthening has been applied to fire-resistant steels as a cost-
effective method to increase strength, interphase precipitation occurs during rolling, and
the precipitates tend to coarsen and grow when tempered at 600 °C, which reduces the
high-temperature strength [19,22]. In microalloyed high-strength fire-resistant steels, atom
diffusion, grains coarsening, and the recovery and annihilation of dislocations decrease the
strength at elevated temperatures [23]; therefore, carbide nanoprecipitates formed during
tempering contribute to precipitation strengthening, which increases the high-temperature
yield strength [24,25].

The mechanical properties of previous fire-resistant steels have mainly been studied at
room temperature and 600 °C [14-19,23-26], while their mechanical properties and precipi-
tation behavior at other temperatures have rarely been reported. In this study, the evolution
of microstructures, mechanical properties, and precipitation behavior of experimental steels
at different temperatures was investigated. Moreover, the influence of nanoprecipitates
on the yield strength at different temperatures was discussed in detail. The results of our
study might provide an achievable design idea for high-strength fire-resistant steel.

2. Experimental Materials and Methods

A 50 kg vacuum positive-pressure induction melting furnace was used to smelt the
experimental steel, followed by its casting into a steel billet. Table 1 shows the chemical
composition of the experimental steel. Low carbon content was used to improve the
weldability [27], and the combined addition of Cu, Ni, and Cr was used to obtain excellent
weather resistance [28-30]. The steel billet was forged into a 60 mm-thick ingot, which was
rolled by a ©430 high-precision hot rolling test machine.

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

C Si Mn + Cr+ Ni + Cu P S Mo Ti Nb v N
0.056 0.32 <25 0.007 0.004 0.21 0.014  0.093 0.03 0.0035

The steel ingot was reheated to 1220 °C for 1 h to dissolve microalloying elements and
then rolled into an 11 mm-thick plate via two-stage rolling. The first stage of rolling was
austenitic recrystallization rolling. The steel plate was rolled to 36 mm at 1100 °C (the start
rolling temperature, SRT). The second stage of rolling was austenite nonrecrystallization. The
steel plate was rolled to 11 mm. The final rolling temperature (FRT) was controlled at 880 °C.
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The austenite grains were flattened during the austenite nonrecrystallization rolling, and
there were a large number of dislocations within the flattened austenite grains. Compared to
traditional processing methods, it is more effective while maintaining performance [31,32].
After rolling, the steel plate was cooled rapidly (laminar cooling speed > 15 °C/s), and the
self-tempering temperature was controlled at 400450 °C, followed by air cooling to room
temperature. The specific rolling process is plotted in Figure 1.

1220°C, 1h

e

Recrystallization

I'he start rolling temperature, SRT 1100 °C
The final rolling start temperature, FRST 950 °C
The final rolling temperature, FRT 880 °C

20 °Cls
Npn-Recrystallization

Cooling rate
>15°Cls

Temperature (°C)

400~450 °C
Air cooling

Time (s)

Figure 1. The rolling process flow chart.

The 8 mm diameter and 40 mm gauge length rod-shaped tensile specimens were
cut from the steel plate along the transverse direction. The tensile tests were conducted
at different temperatures, starting from room temperature to 700 °C, and the operation
method complied with the Chinese standards GB/T 228.1-2010 and GB/T 228.2-2015. The
strain rate was 0.00025 s~ 1. The tensile specimens were heated to the set temperature for
holding 15 min before the tensile tests. The tensile tests were conducted on a GNT300
microcomputer-controlled electronic universal testing machine (NCS Testing Technology
Co., Ltd., Beijing, China) equipped with an electric furnace. The scanned specimens were
cut from the edge of the tensile specimens (undeformed area) and then etched in 4% nitric
acid/ethanol solution after water-grinding and polishing.

Microstructure examinations were performed using a scanning electron microscope
(SEM, FEI Quanta 650, FEI Co., Hillsboro, OR, USA) equipped with an electron backscatter
diffraction detector (EBSD, Oxford Nordlys F+, Oxford, UK) at different temperatures.
The grain boundaries and interface density of the specimens were collected and analyzed
by EBSD. The specimens were electrolytically polished by a 10% perchloric acid/ethanol
solution at 12 V for 15 s. The scanning step size was 0.2 um, and the area was 100 pm
(rolling direction) x 80 pum (thickness direction). EBSD information was postprocessed to
acquire the relevant data by HKL CHANNEL 5 software (Oxford Instruments Co., Oxford,
UK) The nanoprecipitates in the specimens were observed at different temperatures using
carbon film replication technology. The polished specimens were deeply corroded in 4%
nitric acid /ethanol solution until the surface was black. A 10 um-thick carbon film was
sprayed on the specimen’s surface, scribed into 2 x 2 mm squares with a razor blade, and
soaked in 4% nitric acid/ethanol solution to shed carbon film. Then, it was salvaged with a
larger copper mesh, cleaned in ethanol, and then put into distilled water to force the curled
carbon film to unfold into squares due to the surface tension of water. It was then salvaged
with a 200-purpose copper sheet with a diameter of 3 mm and dried with filter paper to
observe the precipitation phases attached to the carbon film using transmission electron
microscopy (TEM, FEI Tecnai G20, Hillsboro, OR, USA).

The mass fraction of carbonitrides and the nanoprecipitates’ particle diameter distri-
bution of specimens obtained at different temperatures was quantitatively analyzed by
physical and chemical phase analyses. The experimental steels were dissolved in an “AA
solution” (10% (V/V) acetylacetone methanol + 10 g/L lithium chloride solution). The
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adequate carbonitride residue was extracted by an electrochemical method, followed by the
separation of microalloyed carbonitrides (M(C, N)) and cementite (M3C). Physical phase
analysis of M(C, N) and M3;C was conducted and confirmed by X-ray diffraction. Induc-
tively coupled plasma-atomic emission spectroscopy (ICP-AES) was used to quantitatively
analyze the mass fraction of the components of M(C, N) and M3C, and small-angle X-ray
scattering (SAXS) was used to measure the nanoprecipitates’ particle diameter distribution
of M(C, N). In our study, the experimental current was 45 mA. The operation method
complied with the international standard ISO 13,762 and the Chinese standard GB/T 13221.

3. Results
3.1. Tensile Properties at Different Temperatures

Figure 2a,b show the engineering stress-strain curves and enlarged views at different
temperatures, as well as their corresponding yield strengths and tensile strengths. After
hot rolling, the experimental steel exhibits a yield strength and tensile strength of 617 MPa
and 813 MPa at room temperature (elongation = 18.5%), respectively. The yield strength
decreases from 617 MPa at room temperature to 239 MPa at 700 °C. The abnormal inflection
points in the curves are caused by an abrupt change in electrical information due to the
removal of the extensometer (the gauge length of the extensometer is 25 mm). The trends
of the tensile strength and yield strength are similar, but the tensile strength at 300 °C
(823 MPa) is greater than that at room temperature (813 MPa) due to the deformation aging
of interstitial atoms such as C and N.

= 800+
o
=3
o 600+ 300 °C
7]
g
@ Rpoz Rm  Ryoz(ET)
400 Stale (i) (MPa) iRy (20 °C)
= 20C 617 813 =
© 300°C 609 B23  0.99
2 200 400C 569 746 092
5 500C 521 630  0.84
c 600°C 424 491  0.69
w 0 700°C 239 307 0.39 0 ‘ . ' . .
0 5 10 15 20 25 30 00 01 02 03 04 05
Engineering strain (%) Engineering strain (%)
(a) (b)

Figure 2. The engineering stress-strain curves of experimental steel at different temperatures: (a) the
whole engineering stress-strain curves; (b) the enlarged engineering stress-strain curves.

In general, the yield strength of HSLA steels is related to the shear modulus of elasticity
G. A reduction in the shear modulus at different temperatures is mainly due to a reduction
in Young’s modulus of elasticity, which can be calculated by Equation (1) [33]:

E

G_2u+@ @
where E is Young’s modulus of elasticity, and v is Poisson’s ratio, with a general value of
0.291 [34]. The Young’s modulus E of experimental steel can be obtained by fitting the data
during the elastic deformation stage from the experimental engineering stress-strain curves
of steel [22]. The Young’s modulus E at different temperatures is plotted in Figure 3, which
decreases from 209.09 GPa at room temperature to 136.74 GPa at 700 °C. As Young's elastic
modulus of metallic materials mainly depends on their interatomic bonding forces, which
are sensitive to temperature [33], E decreases significantly upon increasing the temperature.
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Figure 3. The experimentally measured Young’s elastic modulus Eeyy and shear elastic modulus Gexy
at different temperatures (the dotted line is the calculated value).

According to empirical Equations (2) and (3), the general equations for calculating
Young’s modulus E are [30]:

E(MPa) = 230,660—76.655T (20-583 °C) @)

E(MPa) = 385,350—257.41T (583—911 °C) 3)

The empirical equations for shear elastic modulus G are (4) and (5):
G(MPa) = 89,334—29.688T (20—583 °C) 4)

G(MPa) = 149,245—-99.694T (583—911 °C) (5)

The calculated results are shown in Figure 3, which shows that the measured values
are consistent with the calculated values; however, the measured values are all higher than
the calculated values.

3.2. Microstructures

Figure 4 presents the SEM images of the microstructures of the as-rolled steel and high-
temperature tensile specimens at different temperatures. It can be seen that a multi-phase
microstructure consisting of bainite ferrite and MA islands is obtained in the as-rolled
specimen. There are both block polygonal MA islands with a size of about 10 um, as well
as small ellipsoid and spherically-shaped MA islands with a diameter of only 1-2 pm.
After high-temperature tensile tests at 300 and 400 °C, the MA islands in the ferrite matrix
undergo tempering decomposition. The MA islands decompose further at 500 °C, and the
bainite ferrite microstructure of the matrix begin to recover. The MA island constituents
are completely decomposed, leaving only a small number of fine carbide particles, and a
few tiny recrystallized grains (denoted by the arrow) appear at the grain boundaries at 600
and 700 °C.
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Figure 4. The SEM microstructures” morphology of experimental steel at different temperatures:
(a) the as-rolled state; (b) holding at 300 °C for 15 min; (c) holding at 400 °C for 15 min; (d) holding at
500 °C for 15 min; (e) holding at 600 °C for 15 min; (f) holding at 700 °C for 15 min.

To illustrate the grain sizes of ferrite at different temperatures, EBSD analysis was car-
ried out on the experimental steel after high-temperature tensile tests. The grain boundary
distribution is shown in Figure 5. In the figure, the low-angle boundary (LAB) with a 2-15°
misorientation is highlighted by a thin red line, and the high-angle boundary (HAB) with a
misorientation of >15° is represented by a thick black line.

Figure 5. The EBSD images of grain boundary distribution map at different temperatures: (a) the
as-rolled state; (b) holding at 300 °C for 15 min; (c) holding at 400 °C for 15 min; (d) holding at 500 °C
for 15 min; (e) holding at 600 °C for 15 min; (f) holding at 700 °C for 15 min.

The HKL CHANNEL 5 software was used to analyze the grain size distribution of
bainite ferrite at different temperatures, as shown in Figure 6a—f, and to count the average
grain size of the matrix. The grain size of the matrix is not uniform and ranges from a few
microns to over 30 microns. The majority of grains are smaller than 10 pm. The average
grain diameters of the matrix at different temperatures are 12.5,12.7, 13.6, 13.1, 13.3, and
13.0 pm, respectively. The interface density for different temperatures can be calculated as:

PGB = LGB /A (6)
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where Lgp is the total interface length and A is the scanning area. As shown in Figure 6g,
the high-angle boundary density is unchanged at different temperatures. As the exper-
imental temperature increases, the low-angle interface density decreases under 600 °C;
however, the low-angle interface density increases again at 700 °C. Nanoprecipitates not
only hinder dislocation glide but also facilitate dislocation multiplication [35]. Recovery
and recrystallization decrease the dislocation density at elevated temperatures, but many

nanoprecipitates promote dislocation multiplication, which increase the low-angle interface
density at 700 °C.
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Figure 6. The grain size distribution and interface density of the experimental steels at different
temperatures: (a) the as-rolled state; (b) holding at 300 °C for 15 min; (c) holding at 400 °C for 15 min;

(d) holding at 500 °C for 15 min; (e) holding at 600 °C for 15 min; (f) holding at 700 °C for 15 min;
(g) the interface density.

3.3. Nanoprecipitation

Figure 7 shows TEM images of the morphology of the precipitates at different tem-
peratures. There are some precipitates with sizes of tens of nanometers in the as-rolled
state in Figure 7a. Energy-dispersive spectroscopy (EDS) analysis in Figure 7b shows that
they are (Ti, Nb)N. TiN is mainly formed in the liquid-phase region or high-temperature
d-austenite region, so most of the Ti atoms and N atoms are precipitated. A part of the
Ti in TiN is replaced by precipitated Nb during rolling. The appearance of the Cu peak
is due to the use of a Cu mesh as the carrier mesh. There are also a few elliptical and
round nanoprecipitates in the as-rolled state, as shown in Figure 7c. The EDS analysis



Metals 2021, 11, 1670

8 of 16

(Figure 7d) shows that they are mainly (Nb, V, Mo)C nanoprecipitates. Generally, the
diameter of secondary-phase precipitated particles in steel materials is larger than the
critical transformation diameter, so the strengthening mechanism mainly involves the
Orowan mechanism, that is, the bypass mechanism. When the diameter of the precipitated
particles is >60 nm, the strengthening effect is very weak, so the strengthening effect of
(Ti, Nb)N particles is not obvious, In contrast, the fine (Nb, V, Mo)C particles display a
strong strengthening effect. Upon increasing the temperature, many fine (Nb, V, Mo)C
nanoprecipitates appear at 600 °C (Figure 7e), which are significantly smaller than the
average size of nanoprecipitates in the as-rolled specimen.

(a) o (b)

R & T 1200 Ti
’ ; 900/
o S 600
il e, @ 3 C  Nb
ot
< 300N ot
T Cu
&, 5 A J Cu
‘ 0 25 50 75 100
wam__ Energy (keV)
Cu
A" Cu
v Nb
MoP
5 10 15 20
Energy (keV)
Nb Nb
Mo
20

5 10 15
Energy (keV)

Figure 7. TEM images of the nanoprecipitates at different temperatures: (a) (Ti, Nb)N; (c) (Nb, V,
Mo)C in the as-rolled state; (e) (Nb, V, Mo)C holding at 600 °C for 15 min; (b,d,f) the EDS of the
precipitates in (a,c,e).

Table 2 lists the phase analysis results of carbonitrides at different temperatures. The
mass fractions of the M(C, N) phases are 0.050% and 0.043% in the as-rolled specimen and
in the specimen tempered at 300 °C for 15 min, respectively. As the temperature increases,
the mass fraction of the carbonitrides after holding at 600 °C for 15 min increases to 0.119%.
The mass fraction of precipitates is 2.38 times higher at 600 °C compared with that of the
as-rolled specimen. The mass fractions of C, Nb, V, and Mo increase with temperature,
whereas those of N and Ti do not change with temperature, for the reasons discussed above;
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therefore, the composition of the carbonitrides is (Nb, V, Mo)C precipitation, which has a
strong precipitation strengthening effect. They are mostly precipitated during tempering.

Table 2. The phase analysis results of M(C, N) at different temperatures.

Mass Fraction in Alloy of Elements in M(C, N) Phase (%)

State M(C, N) Phase Composition
Nb Ti A\ Mo N c* X
As-rolled 0.021 0.011 0.0022  0.0080 0.0030 0.0044 0.050 (Nb()_g,ggTi0.395V0_074M00_143) (C0.632N0.368)
300 °C 0018 0013 00011 0.0050 0.025  0.0041  0.043 (Nby 362 Tio.512Vo.037M00.088) (Co.655N0.345)
600 °C 0055 0013 00074 0027 00032  0.013 0.119 (Nbyg 450 Tig 211 Vo.112M0g.218) (Co.523N0.177)
*—The calculated value.

Table 3 indicates the phase analysis results of the M3C at different temperatures. The
mass fraction of the M3C precipitates is lowest in the as-rolled specimen due to a higher
cooling rate and a lower laminar cooling temperature. At 300 °C and 600 °C, the MA
islands decompose, and the released C atoms increase the mass fraction of M3C to 0.147%
and 0.633%, respectively.

Table 3. The phase analysis results of M3C at different temperatures.
Mass Fraction in Alloy of Elements in M3C Phase(%)
State M;C Phase Composition
Fe Cr Mn Mo Cc* X
As-rolled 0.084 0.0089 0.0039 0.003 0.0071 0.107 (F60.846Cro_ogéMno_040M00_017)3C
300 °C 0.128 0.0050 0.0040 0.002 0.010 0.147 (Feo.gglCI‘0.039MHO‘03QMOO'OQ5)3C
600 °C 0.537 0.034 0.0096 0.010 0.042 0.633 (Fe.012Cro.062Mng,016M00,010)3C

*—The calculated value.

A chemical method can be performed to separate the carbonitrides in the alloy from
the cementite but not vice versa; therefore, the diameter distribution of (Nb, V, Mo)C-
phase particles at different temperatures was conducted by small-angle X-ray scattering.
Figure 8 presents the diameter distribution plot of (Nb, V, Mo)C precipitates at different
temperatures. The proportion of (Nb, V, Mo)C nanoprecipitates with a diameter of less
than 10 nm after tempering is evidently more than that in the as-rolled specimen. The
average diameter of (Nb, V, Mo)C nanoprecipitates is 29.2 nm in the as-rolled specimen,
21.6 nm at 300 °C for 15 min, and 19.4 nm at 600 °C for 15 min. These results also illustrate
that the nanoprecipitates formed during rolling have excellent coarsening resistance. There
is a certain amount of Mo in the nanoprecipitates, which can decrease the interfacial energy
of the nanoprecipitates/matrix and also postpone the diffusivity of Nb atoms [25].

404 |z As-rolled
N 300 °C
X 301 .
S 7
‘g 204 §
£ 109 §

155 5-10 10-18 18-36 36.60
Particle (nm)

Figure 8. The diameter distribution plot of (Nb, V, Mo)C nanoprecipitates.
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4. Discussion
4.1. Tensile Properties at Different Temperatures

As shown in Figure 2, the temperature has a great effect on the strength of microal-
loyed high-strength fire-resistant steel. In this part, the strengthening mechanisms of the
nanoprecipitates at different temperatures are discussed quantitatively. The yield strength
(YS) of steels is determined as a summation of the intrinsic friction stress (Y'Sg), solid solu-
tion strengthening (YSs), grain boundary strengthening (Y'Sg), dislocation strengthening
(YSq), and precipitation strengthening (YS;,) in the following equation.

YS =YSy + YSs + YSg + YSq + YS, @)

Based on Equation (7), the increment in precipitation strengthening is calculated
by subtracting the other strengthening increments from the tensile test-obtained yield
strength. YSy is the positive lattice friction resistance of iron, which is linearly correlated
to its shear elastic modulus (G) [34]. At room temperature, the shear elastic modulus G
is 8.10 x 10* MPa and YS, is 57.0 MPa [34]. The interstitial solid-solution elements will
reduce the shear elastic modulus at elevated temperatures. Therefore, G is 7.87 x 10* MPa
at 300 °C and 6.30 x 10* MPa at 600 °C, according to the discount ratio of G, and YSj is
55.4 MPa at 300 °C and 44.3 MPa at 600 °C.

Solid solution strengthening can be calculated using the following equation [34]. It is
affected by the mass fraction of the alloy solidly dissolved in a solid solution.

YSs = 4570 Wc + 4570 Wiy + 32 Wy + 84 Wag; + 67.6 Wp + 11 Wio + 38 Wy + 80 Wr + 3 Wy — 30Wc, 8)

In the equation, Wy indicates the mass fraction of the alloy solidly dissolved in the
experimental steel; Wc, Wi, W, and W, are the mass fractions of solid solution C,
Mn, Mo, and Cr after deducting the C, Mn, Mo, and Cr precipitated in carbonitrides and
alloying cementite, respectively [17]. Si and P elements are ferrite-forming elements that
usually dissolve in the ferrite matrix. Almost all of the N and Ti elements react to form
TiN particles in the liquid-phase zone, which removes most N and Ti elements in the solid
solution. Furthermore, considering the discount ratio of G at elevated temperatures, YSs
values are 246.2 MPa in the as-rolled specimen, 230.8 MPa at 300 °C for holding 15 min,
and 45.0 MPa at 600 °C for holding 15 min.

Grain boundary strengthening is affected by the effective grain size of the ferrite
matrix and is expressed using the Hall-Petch equation:

YSg =kyd /2 ©9)

In a previous report, a ky value of 17.4 MPa-mm!/2 was reported in the mild steel [34].
Thus, the value of YSg is 153.8 MPa in the as-rolled specimen. Considering the discount
ratio of G at elevated temperatures, YS, values are 168.6 MPa at 300 °C for holding 15 min
and 135.1 MPa at 600 °C for holding 15 min.

In this study, laminar cooling was conducted at a >15 °C/s cooling rate to acquire a
large number of high-density dislocations in the bainite. Dislocation strengthening YS4

can be expressed as [34]:
YS4 = 2aGbp'/? (10)

In the equation, « is a constant and its value is 0.38 for a body-centered cubic system;
b is the Burgers vector and its value is 0.248 nm; p is the dislocation density, which is
analyzed using XRD and comprehensively estimates the dislocation density based on
peak broadening followed by the Williamson-Hall equation and the low-angle boundary
density [36,37]. The dislocation densities values are 5.27 X 10" mm 2 in the as-rolled
specimen, 5.15 x 107 mm~2 at 300 °C for holding 15 min, and 3.99 x 107 mm~2 at 600 °C
for holding 15 min; therefore, the dislocation strengthening increments YS4 are 110.8, 106.5,
and 75.0 MPa, respectively.
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Table 4 lists the various strengthening contribution values at different temperatures.
The as-rolled specimen and the 300 °C specimen exhibit significant contributions from
solid solution strengthening and dislocation strengthening. These values are signifi-
cantly lower, and the precipitation strengthening contribution is significantly higher in the
600 °C specimen.

Table 4. The various strengthening contribution values of experimental steel.

Experimental Temperature YS YSo YSs YSg YSq YSp
©Q) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)

As-rolled 617 57.0 246.2 153.8 110.8 49.2

300 °C 609 55.4 230.8 164.2 106.5 52.1

600 °C 424 44.3 45 138.8 75.0 120.9

It is well known that precipitation strengthening in HSLA steel occurs via the bypass-
type mechanism for nanoprecipitates, which play a significant strengthening effect. In this
study, the common Orowan equation and the Ashby-Orowan equation were considered. In
the former equation, the precipitation strengthening can be expressed using the following
equation [38]:
0.8MGb

ocOrowan =
Lmc

(11)
Lpc is the average distance between nanoprecipitates and can be expressed using
Equation (12), assuming that the nanoprecipitates are uniformly distributed.

Lyve = \/g(\/?— 2) X rMC (12)

ryc is the average radius in Figure 8, whose values are 14.6, 10.8, and 9.7 nm, re-
spectively, and f is the volume fraction of the nanoprecipitates in Table 2. In addition, the
common Orowan equation has been revised to consider the interactions between two kinds
of dislocation lines near nanoprecipitates in the Ashby-Orowan equation. The strength-
ening increment in the Ashby-Orowan equation can be expressed using the following
equation [38]:

0.8MGb x

ey 0 g 13)

x = 2\/3 X rMC (14)

In the equation, G is the shear modulus, whose value changes with temperature, as
shown in Figure 3. v and M are the Poisson’s ratio and Taylor factor, respectively, which
have values of 0.291 and 2.75 for a body-centered cubic system [34]; b is 0.248 nm [34];
ryic is the average radius, as shown in Figure 8. According to the above two bypass-type
mechanisms, the increment in precipitation strengthening was calculated and is shown
in Figure 9.

Figure 9 plots the calculated precipitation strengthening increment for the common
Orowan equation and the Ashby-Orowan equation. In the as-rolled state and 300 °C, the
calculated strengthening increment is consistent with the experimental value (i.e., the yield
strength subtracts other strengthening contributions); however, there is a large deviation in
the 600 °C specimen. The Orowan equation can more reasonably explain the precipitation
strengthening increment of the nanoprecipitates at elevated temperatures. Compared with
the Orowan equation, the Ashby-Orowan equation considers the interactions between
dislocation lines on both sides of secondary-phase particles. Dislocation loops can only be
formed when the radius of curvature reaches dy;c /2, so the calculated strengthening effect
is lower; however, the thermal movement of dislocations increases, and the critical shear

oAshby-Orowan =
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stress T decreases, which makes it easy to form dislocation loops at 600 °C; therefore, the
Orowan mechanism is closer to the true value at 600 °C [34,39].

1201 . Orowan

1002 Ashby-Orowan /.
© " 600 °C
o Al
% 80 \

» L
T 60- "~
S - C/j_'..-'isoo €L
40+ \"‘o'
20+ : : : ‘
20 40 60 80 100 120

O'exp (IVIF’a)

Figure 9. Comparison between the experimentally determined precipitation strengthening (the
dotted line) and the calculated precipitation strengthening based on the Orowan equation and the
Ashby-Orowan equation.

4.2. Work Hardening Behavior

In general, the HSLA steel will neck during a uniaxial tensile test when the following
plastic deformation condition is satisfied [40,41]:

do

> (15)
oc=0r (1+er) (16)
e=In(1+ey) (17)

o is the true stress and ¢ is the true strain. do/de is the work hardening rate. o is engi-
neering stress and et is engineering strain in Figure 2. Assuming a constant volume during
uniform deformation, the engineering stress-strain curves in Figure 2 can be transformed
into true stress-strain curves. The work hardening rate curves at different temperatures
were acquired by differentiating the true stress with respect to the true strain. The acquired
work hardening rate curves are plotted in Figure 10, along with the true stress-strain curves.
The results show that the work hardening rate significantly decreases with the temperature,
and the necking is more likely to occur. The critical stress for necking is not significantly
different below 400 °C; however, the critical stress is significantly reduced above 500 °C
due to dynamic recovery and recrystallization at this moment.
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0
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Figure 10. True stress-true strain curves and work-hardening rate curves at different temperatures.
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To better explain the work hardening behavior at different temperatures, the Ashby
work hardening mechanism was applied to the results of this study. The Ashby work
hardening mechanism explains work hardening by dislocation strengthening and can be
expressed as [42,43]:

o —YS = MaGb,/p (18)

where YS is the yield strength and p is the density. In this study, both nanoprecipitates and
effective grain boundaries can be used as positions for the generation of the dislocation.
It is generally assumed that the total density of the dislocation consists of p, and pg, and
Equation (19) can be written as [44]:

c—YS = MaGb./pp + pg (19)
_ 8Mf 1
oc—YS = MaGb WS =+ 4bdg£ (20)

where M is 2.75 [34], d is smaller than 30 nm, f is shown in Table 2, and dg is about 13 pm;
thus, the value of p, would be much larger than that of p, so the value of p is usually
negligible in this calculation. Therefore, the work hardening equation can be written as:

U—%:MMW;%gﬁ (1)

According to Equation (21), the Ashby work hardening curves are plotted in Figure 11.
The calculated stress-strain curves are consistent with the tensile test curves obtained
at room temperature and 300 °C, but they show a greater deviation from the experi-
mental curves at 600 °C. This is mainly due to the occurrence of dynamic recovery and
recrystallization at 600 °C, where dislocations undergo cross-slip, leading to the annihila-
tion of dislocations and a significant reduction in dislocation density, resulting in lower

measured values.

1000 —
;_6 800+ ==
g 600 _r' —— 20 °C Experimental curves
(7)) - = 20 °C Calculated curves
3 /' —— 300 °C Experimental curves
-ﬁ 400+ — - 300 °C Calculated curves
® —— 600 °C Experimental curves
=] it o
|: 200+ 600 °C Calculated curves
0 ; |
0.00 0.05 0.10 0.15
True strain

Figure 11. Calculated stress-strain curves based on Ashby work hardening theory and
experimental curves.

4.3. Comparison with Mild Steels

For HSLA fire-resistant steel, the decrease in the yield strength at different tempera-
tures is an important basis for evaluating fire resistance. The strictest requirement is that
the yield strength at 600 °C should be higher than two-thirds of the specified yield strength
at room temperature. Figure 12a shows the strength retention rate (YS (experimental
temperature, ET)/YS (room temperature, RT)) of different steels at different temperatures.
The retention rate of the fire-resistant steel in our study remains higher than 0.67 at 600 °C,
while the retention rate of other mild steels at 600 °C is far lower than the standard require-
ment. Figure 12b presents the retention rate of Young’s modulus of elasticity E of different
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steels at different temperatures. As the temperature increases, the retention rate of E also
decreases, which is consistent with the yield strength trends. The E retention rate of mild
steel is significantly lower than the E retention rate of this study at 600 °C.

1.0 &—a__ 109 o,
= 0.8 v ":08‘ ':j-"ﬁ*\
& 1067 v a 3 e T
> 06 * 4 0.6 . ™
E ° E 0.4 —=— This study ‘ o
& 0.44 _a This study w : 3512[313 v
> —e— Q235[29] N 021 % 3]

. : v SM41[29]
021 & SM490A[3] AN i .
’ v SM41[29] A 0.0
As-rolled 300 400 500 600 700 " As-rolled 300 400 500 600 700
Tempered temperature (°C) Tempered temperature (°C)

(a) (b)
Figure 12. (a) YS(ET)/YS(RT) and (b) E(ET)/E(RT) at different temperatures.

5. Conclusions

In this study, the microstructure of Nb-V-Ti-Mo complex microalloyed high-strength
fire-resistant steel was shown to consist of bainitic ferrite + MA islands. The evolution of
the microstructure at different temperatures, as well as the influence of temperature on
the mechanical properties and nanoprecipitates, was studied. The following conclusions
were drawn.

e  The yield strength of experimental steel is 617 MPa and the tensile strength is 813 MPa.
As the experimental temperature increases, the high-temperature yield strength grad-
ually decreases to 239 MPa at 700 °C. The effective grain size does not increase
significantly at different temperatures and slightly fluctuates within the range of
12.5-13.6 um. The matrix micromorphology does not change significantly, and recrys-
tallized grains begin to appear at the grain boundaries at 600 °C.

e A small number of nanoprecipitates are distributed in the as-rolled specimen, with
an average diameter of 29.2 nm. Upon increasing the temperature, the number of
fine nanoprecipitates gradually increases, especially those less than 10 nm, which
gradually decreases the average diameter, reaching 19.4 nm at 600 °C. The calculated
precipitation strengthening value is consistent with the experimental precipitation
strengthening value, and the Orowan equation explains well the precipitation strength-
ening effect of nanoprecipitates formed at elevated temperatures.

e  The work hardening rate decreases significantly with the temperature, and necking is
more likely to occur. At room temperature and 300 °C, the Ashby work hardening
theoretical curves are consistent with the experimental true stress-strain curves.
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