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Abstract: The long exposure of structural components to high temperatures (above 600 °C) negatively
changes their mechanical properties, severely compromising the structural capacity of buildings and
other structures in which safety is a primary concern. Developing new cheaper fire-resistant steels
with better mechanical and thermal performances represents a challenging, cutting-edge materials
science and engineering research topic. Alloying elements such as Nb and Mo are generally used to
improve the strength at both room and high temperatures due to the formation of precipitates and
harder microconstituents. This study shows that adding small amounts of boron in Nb-microalloyed
fire-resistant steels may be crucial in maintaining mechanical properties at high temperatures. The
widely used 66% yield-strength criteria for fire resistance was achieved at <574 °C for the B-added
alloys. In contrast, for those without boron, this value reached ~460 °C, representing a remarkable
boron-induced mechanical strengthening enhancement. First-principles quantum mechanics calcula-
tions demonstrate that boron additions can lower 11.7% of the vacancy formation energy compared
to pure ferrite. Furthermore, for Nb-added steels, the reduction in the vacancy formation energy may
reach 33.2%, suggesting that the boron-niobium combination could act as an effective pinning-based
steel-strengthening agent due to the formation of B-induced higher-density vacancy-related crys-
talline defects, as well as other well-known steel strengthening mechanisms reported in the literature.
Adding boron and niobium may, therefore, be essential in designing better structural alloys.
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1. Introduction

Alloying is essential for designing and engineering new materials with optimized
properties. For decades, boron (B), for example, has been added to several classes of
steels to improve its hardenability [1-6]. It is added to steels at between 10 to 30 ppm
to optimize ultimate tensile strength and toughness. When added to steels up to this
limit, boron segregates to austenite grain boundaries (AGBs), reducing the grain boundary
energy and increasing the hardenability by suppressing the nucleation of allotriomorphic
ferrite [7]. Due to boron’s high affinity with N and C, higher amounts of boron may induce
boron nitrides or boron carbides at the AGBs, acting as nucleation sites for ferrite at high
temperatures [5]. Costa et al. [8] studied the effect of boron on quenched and tempered
39MnCrB6-2 steel and showed precipitation of boroncarbides at grain boundaries that
embrittled the steel. In addition, steels containing B are less susceptible to distortion and
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quenching cracking during heat treatments [9]. Recently, Sharma et al. [6] published a
review of the effects of B on heat-treatable steels focusing on some critical aspects. For
instance, B can present equilibrium segregation, i.e., redistribution of solute impurities
when the temperature increases, causing a decrease in the amount of B solute at the
grain boundaries and consequently in the hardenability, or it can cause non-equilibrium
segregation by the formation of vacancy-boron that migrates to the grain boundaries.
Moreover, B can engage in synergic interaction with some chemical species, such as Mo and
Nb, and B-vacancy or complex precipitates, such as B,O3, BN, M»3(B,C)s, and M7(B,C)s.
Therefore, B needs to be protected during steel-making production and heat treatment
processes to avoid its precipitation and, consequently, loss of effectiveness in hardenability.
One of the most common procedures is to add Ti or Al to protect this effectiveness. In
this case, Ti forms the more stable TiN instead of BN, ensuring that boron remains in a
solid solution. Ali et al. [10] studied the potential factors that affect the B hardenability in
low-carbon alloyed steels, concluding that the formation of coarse precipitates of M3(B,C)¢
in AGBs led to deterioration in toughness and negatively affected the hardenability.

A further essential ingredient for the strengthening of steels is the hindering of dislo-
cation mobility, which is highly desirable to improve the mechanical properties at elevated
temperatures, since it mitigates dislocation annihilation with increasing temperature. Re-
cently, Jo et al. [11] proposed that the addition of transition metal solutes, especially the ele-
ments Mo and Nb, significantly lowers the vacancy formation energy in Fe-BCC, enabling
these lattice defects to be formed easily. Notably, the predicted fraction of vacancy-related
defects was confirmed through positron annihilation lifetime spectroscopy by the same
authors [11]. These observations led us to search for novel solute combinations through
first-principles electronic-structure calculations, aiming to optimize this mechanism. We
discovered that small additions of B and Nb to a specific steel composition, surprisingly,
led to very significant maintenance of its mechanical properties at fire-level temperatures.
Such characteristics can be used with advantage when devising new, cheaper steels with re-
duced or no molybdenum contents with improved high-temperature properties, ultimately
leading to safer buildings and other structures in which safety is a primary concern.

2. Materials & Methods

The investigated alloys were produced in an induction vacuum furnace (IDF) and
ingoted in a 500 mm x 343 mm x 60 mm mold, producing approximately 80 Kg slabs.
The slabs were cut in 260 mm x 50 mm X 19 mm strips, which were soaked at 1200 °C
and submitted to thermomechanical controlled rolling (TMCP) to obtain controlled rolled
specimens with a fine grain structure of ferrite and carbides. The thermomechanical process
was performed with six rolling steps of 76% total reduction thickness, ending above the Ac;
temperature. Commercial ferroalloys were used to manufacture the studied alloys. The
alloys were produced in a pilot plant reproducing the industrial manufacturing processes
used in the iron and steel industry. Weight losses and ferro-alloys yields were considered
to formulate the materials used in the manufacturing process.

After hot rolling, the plates were air-cooled to room temperature. Isothermal tensile
tests were then carried out at room temperature (RT) and 400, 500, 600, 700, and 800 °C to
evaluate the yield strength (YS) at 0.2% offset at these temperatures. Mechanical test speci-
mens were taken from the plates in the rolling direction according to ASTM E8/E8M [12]
for the RT test and ASTM E21 [13] for the high-temperature (HT) tests. For the isothermal
high-temperature tensile tests, the samples were heated to the desired temperature under a
heating rate of 10 °C/min, maintained for 15 min for thermal stabilization. Then a strain
rate of 0.00416s~! was applied until fracture. Finally, after fracture, the samples were
air-cooled to room temperature.

The chemical composition of the materials studied is presented in Table 1, one with
Fe-C-Mn-Nb-B (with B) and the other with Fe-C-Mn-Nb (without B). The chemical analysis
was performed using the wet method employing inductively coupled plasma optical emis-
sion spectrometry (ICP-OES). The equipment used to carry out the chemical analysis was
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the ICP-OES model by SPECTRO Analytical Instruments GmbH (Kleve, NRW, Germany),
which can detect boron as low as 0.59 ppm.

Table 1. Chemical composition (in wt.%) of the two ingots used for the experimental investigation.

Alloy B C Nb Mn N Ti
with B 0.0028 0.05 0.10 1.00 0.0029 0.015
without B 0.00 0.05 0.10 1.00 0.0029 0.015

First-principles spin-polarized electronic-structure calculations were performed within
the Kohn-Sham scheme [14] of density functional theory (DFT) [15] with scalar-relativistic pro-
jector augmented wave pseudopotentials [16] as implemented in Quantum ESPRESSO [17,18].
Exchange and correlation (XC) effects were treated with the generalized gradient approx-
imation (GGA) according to Perdew—Burke-Ernzerhof (PBE) parametrization [19]. We
used a kinetic energy cutoff of 70Ry (1Ry ~ 13.6eV) for wave functions and 1120 Ry
for the charge density and potential. The Monkhorst-Pack scheme [20] was used for a
6 X 6 x 6 k-point sampling in the first Brillouin zone. Self-consistent-field (5CF) calcula-
tions with a 107® Ry convergence threshold were carried out using Marzari-Vanderbilt
smearing [21] with spread of 0.01 Ry for Brillouin-zone integration. A mixing factor of
0.1 with 12 iterations in a charge density Broyden mixing scheme was used to reach the
convergence threshold for self-consistency. All the lattice parameters and internal degrees
of freedom were relaxed to guarantee a ground-state convergence of 10~ Ry in total
energy, 107* Ry/ag (ag ~ 0.529 A), for forces acting on the nuclei, and 10-¢ Ry/a}, for
stresses acting on the crystal structure. For further details on the supercell calculations, see,
for instance [22].

3. Results

According to our results, summarized in Figure 1, it was found that Nb could reduce
14.3% of the vacancy formation energy compared to pure ferrite (2.23 eV), or 10.3% com-
pared to alloys containing Mo (2.13 eV), in remarkable agreement with previous theoretical
calculations [11]. However, we found additionally that, when boron is incorporated into
the Fe-Nb system, the energy required for a vacancy to be formed becomes 1.49 eV, rep-
resenting an effective lowering as great as 22% compared to the situation without boron
(1.91 eV). These results indicate that the B-induced higher density of vacancy-related de-
fects can act effectively as a trapping barrier to dislocation mobility and, consequently, as
a pinning-based steel-strengthening mechanism. The degree of decrease in the vacancy
formation energy promoted by the B solid solution in Nb microalloyed ferritic steels repre-
sents an enhancement of three orders of magnitude in the amount of vacancy point defects,
assuming Arrhenius’ law behavior. Therefore, such enhancement is essential to achieve the
macroscopic properties of this class of steels. Furthermore, as pointed out by Jo et al. [11],
the formation of solute-vacancy pairs and related lattice defects has also been observed
in other iron binary alloys with refractory metals [23-26], reinforcing their importance in
high-temperature resistance. Our results put a new piece in the puzzle, with B being a
potentially central actor in the ongoing fire-resistant steel research endeavor.

However, it is crucial to predominantly find B as a solid solution to reach the above-
predicted behavior. Therefore, to probe in which phase boron atoms are predicted to
be solubilized, we conducted thermodynamic simulations using Thermocalc® (TCFE11
database, version 21b, Thermo-Calc Software AB, Solna, Sweden). The simulations were
conducted using the base chemical composition given in Table 1, but varying the boron
contents as 10, 20, 28 (the a priori experimentally desired composition), 30, 40, 50 and
60 ppm. Figure 2 shows the temperature-dependent maximum amounts of boron within
the phases for the boron-added alloys. It can be seen that it was possible to solubilize
24.9 ppm of B in the austenite from a global 28 ppm. Running the same simulation for
various boron contents, we verified how the solubility of boron in austenite behaved as a
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function of the amount of boron added to the material. Notably, the boron solubility limit in
austenite was 24.9 ppm regardless of the amount of boron added to the alloy composition.
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Figure 1. First-principles calculations of the Fe-Nb-B structural system. (a) Representation of the

3 x 3 x 3 supercell used in our calculations. Fe atoms are shown in red, B atoms in light gray, and
other solutes in dark gray. The upper panel shows the supercell structures without vacancy, while
the lower panel contains the supercell with a vacancy point defect. (b) The DFT-calculated vacancy
formation energy of BCC-Fe with several solutes: Fe-Co (2.26 eV), Fe (2.23 eV), Fe-Mo (2.13 eV),
Fe-Cr (2.00 eV), Fe-Ti (1.99 eV), Fe-B (1.97 eV), Fe-Al (1.92 eV), Fe-Nb (1.91 eV), Fe-Nb-B (1.49 eV).
The percentege difference between the energy required to form a vacancy in Fe-Nb and Fe-Nb-B is
almost 25%, as indicated by the red arrow in the figure.

These predictions motivated us to further investigate experimentally the simulta-
neous effect of B and Nb on improving the mechanical properties at high temperatures.
Figure 3a,b show the engineering stress-strain tensile test results of the boron-containing
and non-containing alloys performed at 400, 500, 600, 700, and 800 °C. Both alloys showed
a reduction in the yield stress associated with increased ductility with increasing tempera-
ture. On the other hand, a less severe decay of the yield stress with increasing temperature
occurred for the alloy with boron.

In addition to the isothermal high-temperature tensile tests, heating with a constant
load applied, also known as accelerated creep testing, was also performed, following the
procedure delineated in Walp’s investigation [27], which consists of first using a constant
load equivalent to a fraction of the yield strength at room temperature and then heating the
system at a set rate. While the system heats up, the material yield stress decreases; when
a specific imposed stress (constant load) exceeds the material yield stress, the material
plastically deforms. As a result, a strain curve can be obtained as a function of temperature.
A failure criterion of 1% strain was adopted in the present study, which is consistent with
previous reports [28]. A standard creep machine was used to perform the heating, adopting
a constant load of 188 MPa (the equivalent of ~~35% YSgr of the alloys) and a heating rate
of 5 °C/min. The creep machine was specially manufactured to perform accelerated creep
tests in our laboratories, with duly calibrated load cells.

Figure 4a shows the variation in the yield stress with temperature. The literature on
fire-resistant structural steels describes several methods to measure the fire resistance of a
given material. Based on the ASTM A1077/A1077M standard [29], the literature [27,30] sets
a criterion to determine whether structural steel is fire resistant or not, based on the ratio
between the yield strength measured at 600 °C (YSyT) and the yield strength measured at
room temperature (YSgr). For a steel to be considered fire-resistant, this ratio (YSy1/YSgrT)
must be greater than two thirds, or 66%. In Figure 4a, the ratio variation as a temperature
function for the two alloys studied can be seen.
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Figure 2. Thermodynamic prediction of boron in austenite as a function of the bulk composition. The
inset depicts the thermodynamic simulation of the boron content in different microconstituents as a
function of temperature, showing a broad peak around 24.9 ppm boron solubility in austenite for
the bulk (Nb,B)-microalloyed steel. The calculations were performed using Thermocalc® with the
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66% for yield strength ratio at 600 °C with their respective values. (b) Plastic strain with temperature
from transient test data—heating rate: 5 °C/min, preload applied: 188 MPa (equivalent to 33% YSRT
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Table 2 shows the room temperature mechanical properties of both alloys. It can
be seen in Table 2 that the alloy without B showed a yield strength 8% higher than the
alloy without B. However, the boron-added steel maintained a higher yield-strength ra-
tio with increasing temperature. Indeed, in the detached rectangle in Figure 4a, it is
clear that YSy7/YSgT for the boron-added alloy was significantly higher than for those
without boron.

Table 2. Elongation (E), reduction in area (RA), ultimate tensile strength (UTS), and yield strength
(YS) of the studied alloys at room temperature.

Alloy E (%) RA (%) UTS (MPa) YS (MPa)
with B 19.6 75.8 610 513
without B 20.5 73.2 617 551

The strain vs. temperature data obtained from the constant load test is shown in
Figure 4b, where the alloy with boron exhibited better performance at fire-level tempera-
tures. This experiment simulated the fire condition in which a structural beam is subjected
to constant load while the temperature increases. In this experiment, the fire resistance
may be understood as the temperature required to achieve the 1% strain criterion. Above
450 °C, considering a fixed strain, the alloy with boron shows higher temperature resistance
than the alloy without boron. For instance, considering the 1% strain criterion proposed
by Speer et al. [28], the B-added alloy resists up to 657 °C, while its counterpart without
boron resists up to 616 °C. Therefore, our experiments show that Nb-microalloyed steels
containing small amounts of boron offer better fire resistance than those without boron
in their composition considering the 1% strain criterion. Considering the fracture point,
the alloy with boron will fracture at higher temperatures when compared to the alloy
without boron. This may be associated with hardening mechanisms still acting at high
temperatures in this material, such as the stabilization of precipitates [11,31-33] and the
solid solution of B, enabling the alloy to maintain a considerable part of its yield strength at
these temperatures.

Regarding the synergic effect of boron and niobium, Mohrbacher [34] has previously
drawn attention to the combined effect of these two alloying elements in Mo-based bainitic
and martensitic steels. For instance, the simultaneous addition of B and Nb can retard
the static recrystallization of austenite at high temperatures to a more significant degree
than the sum of the separate effects due to the formation of Nb-B complexes, consequently
reducing the mobility of the grain boundaries [35]. Here, we observed a novel, synergic
effect between Nb and B co-alloying in Mo-free steels, in this instance, enhancing the fire
resistance properties. The exact detailed structural and macroscopic characterization of
these new alloys are topics of ongoing research.

4. Conclusions

To summarize, our investigation demonstrated that simultaneous additions of boron
and niobium to fire-resistant steels can lead to significantly better fire-resistance perfor-
mance under both a constant load test and an isothermal static test, compared to their
non-boron counterparts. The 66% YS ratio criterion at RT waas achieved at ~574 °C for
the boron-added Nb-microalloyed steel studied, paving the way to achieving fire-resistant
steel compositions with less or even no molybdenum. Furthermore, boron addition in
fire-resistant steels significantly improves the stabilization of point defects by lowering the
vacancy formation energy (for vacancies close to B atoms), which may play an essential
role in reducing dislocation mobility. In this way, we anticipate that our research will moti-
vate further investigations regarding the role of boron and niobium in fire-resistant steel
development. We are currently working on a comprehensive study of the characterization
and macroscopic mechanisms for a further, more detailed, publication.
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