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A B S T R A C T

The high-temperature mechanical stability of structural steels is critical for fire-resistant applications, yet the 
individual contributions of microalloying elements remain incompletely understood. In this study, we system
atically investigated the strengthening mechanisms of three key microalloying elements–Nb, Ti, and V–in low-Mo 
fire-resistant steel. Each element was independently added to a 0.15Mo-base steel at varying concentrations, and 
tensile tests were conducted at room temperature (RT) and 600 ◦C. Microstructural features were characterized 
in detail using atom probe tomography. Ti enhanced the yield strength (YS) at both temperatures via the for
mation of (Ti,Mo)(C,N) precipitates, but excessive Ti reduced the YS ratio (σ600oC/σRT) due to solute depletion 
and precipitate coarsening. V demonstrated minimal precipitation and limited impact at RT, but its linear 
contribution to high-temperature strength is attributed to secondary hardening by VC. Nb yielded the most 
consistent strengthening across both temperatures through the combined effects of (Nb,Mo)C precipitation, Nb–C 
clustering, solid solution strengthening, and bainitic transformation. These findings clarify the element-specific 
mechanisms governing fire-resistant behavior and suggest that optimized microalloying strategies can enable 
steels with superior strength retention at elevated temperatures.

1. Introduction

Rapid urbanization in major cities has promoted the construction of 
super high-rise buildings, which are vulnerable to disasters, such as 
earthquakes, typhoons, and fires. Concerns about the rapid collapse of 
buildings under fire have been specifically growing, increasing the de
mand for structural safety at high temperatures. Steel, as the primary 
material for structural frameworks, plays a key role in maintaining 
integrity under these conditions. To meet this need, fire-resistant steel 
with enhanced high-temperature strength has been developed [1–4].

A fire-resistant steel is defined by its ability to retain its room tem
perature (RT) yield strength (YS) at high temperatures (600 ◦C) [1]. In 
this study, the YS ratio (σ600oC/σRT) is defined as the ratio of YS at 600 ◦C 
to that at RT. Fire-resistant steel exhibits a higher YS ratio (σ600oC/ σRT), 
exceeding 2:3, compared to that of commercial plain carbon steel, which 

ranges from 1:3 to 1:2 [5–7]. The high YS at elevated temperatures is 
attributed to the retardation of dislocation annihilation, achieved 
through mechanisms such as solid solution hardening and precipitation 
hardening [7,8]. Furthermore, bainitic microstructure, with its inher
ently high dislocation density, plays a crucial role in maintaining 
strength under these conditions [7–9].

Mo is one of the most effective elements for enhancing the fire 
resistance of steel [10]. It promotes a bainitic microstructure by effec
tively improving hardenability and contributes to solid solution 
strengthening at elevated temperatures. In addition, microalloying ele
ments such as Nb, Ti, and V also enhance the fire resistance of steel 
through precipitation strengthening by forming carbide and/or car
bonitride with C and/or N [7,9,11–13]. In addition to precipitation, 
these elements also contribute to strengthening through solid solution 
hardening and clustering [12,13]. Although Mo is the most effective 
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element for enhancing high-temperature stability, its use significantly 
increases production costs due to its rarity [8,9]. Thus, minimizing Mo 
content is essential to widen its application as a building material.

Recent studies have investigated the combined use of Nb, Ti, and Mo 
to achieve cost-effective fire resistance. Li et al. reported enhanced high- 
temperature performance in low-Mo Nb–Ti–V steels with bainite- 
dominant microstructures [14]. Yin et al. examined precipitation 
behavior and grain boundaries characteristics in multi-functional fire-
resistant steels [15]. Zhang et al. discussed Ti and Mo synergy in fine 
carbide precipitation in weather/fire-resistant steels [16], while Man
dalika et al. investigated VN and NbC precipitation effects in 
multi-microalloyed earthquake/fire-resistant steels [17]. However, 
most of these studies employed simultaneous additions of Nb, Ti, and/or 
V, making it difficult to decouple the individual strengthening effects of 
each element. Furthermore, in many cases, fire resistance was evaluated 
either after thermal exposure or in limited temperature windows, lack
ing systematic correlation with microstructural evolution at both RT and 
elevated temperatures. Moreover, while the effects of individual 
microalloying elements have been reported separately along with their 
combined effects in improving high-temperature mechanical properties 
[9,12,13,18], there is still a lack of systematic studies on how the con
tent of each element influences fire resistance. Thus, a systematic and 
quantitative investigation isolating the individual contributions of Nb, 
Ti, and V is necessary to better understand and optimize fire-resistant 
steels.

To address these gaps, we aim to systematically isolate and clarify 
the distinct roles of each microalloying element– Nb, Ti, and V –in 
enhancing the fire resistance of steel. For this purpose, each element was 
added in the range of 0.02–0.10 wt% to a base steel containing 0.15 wt% 
Mo, and tensile tests were conducted at RT and 600 ◦C. Furthermore, the 
microstructures were thoroughly analyzed in terms of solid solution 
strengthening, clustering, and precipitation using field-emission scan
ning electron microscopy (FE-SEM), transmission electron microscopy 
(TEM), and atomic probe tomography (APT). Interestingly, the three 
microalloying elements affect fire resistance to different extents 
depending on their content and contribute through distinct strength
ening mechanisms. These findings clarify how Nb, Ti, and V contribute 
individually to fire resistance, underscoring the importance of under
standing their separate roles in microalloy design. By decoupling their 
composition-dependent effects under as-rolled conditions, this study 
provides a systematic approach to optimizing microalloying strategies in 
low-Mo fire-resistant steels.

2. Experimental method

Ten specimens were prepared, and the base material was the Fe- 
0.12C-0.3Si-1.5Mn-0.3Cr-0.15Mo (wt%) alloy, designated to 0.15Mo. 
To analyze the effect of each microalloying element, each of Nb, Ti, and 
V was individually added to the base alloy at approximate levels of 0.02, 
0.05, and 0.10 wt%, resulting in ten different compositions for system
atic evaluation. The ingots were fabricated using a vacuum induction 
melting process, soaked at 1200 ◦C for 2 h, and then hot-rolled to a 
thickness of 13 mm at a temperature above 1000 ◦C, followed by air 
cooling. The nitrogen content was approximately 10 ppm. In this study, 
specimens containing 0.05 wt% of Nb, Ti, and V are referred to as 
MoNb5, MoTi5, and MoV5, respectively. This intermediate composition 
level was also selected for detailed TEM, APT, and Thermo-Calc. ana
lyses, as it provided a representative balance between microalloying 
intensity and measurable microstructural changes. Accordingly, equi
librium thermodynamic calculations to predict the precipitation tem
perature range were performed using Thermo-Calc. software with the 
TCFE12 database.

For tensile testing at RT, plate-type sub-tensile specimens were pre
pared according to ASTM E8M standard, and the test was conducted at a 
crosshead speed of 2 mm/min using an INSTRON 4485 universal tensile 
test machine. For high-temperature tensile testing, small round 

specimens were prepared in accordance with ASTM E8M. The test was 
conducted using a tensile testing machine (AG-250KNXPLUS, SHI
MADZU) following the ASTM A370-22 standard. A thermocouple was 
directly attached to the specimen surface to measure its temperature. 
Once the specimen reached 600 ◦C, it was held for 15 min to ensure 
thermal equilibrium before testing. Crosshead speeds of 0.2 mm/min 
(elastic region) and 1.5 mm/min (plastic region) were applied before 
and after yielding, respectively. Both room- and high-temperature ten
sile tests were conducted by a certified external institute (Korea Testing 
& Research Institute, KTR), ensuring procedural consistency and 
reliability.

The overall microstructure of each steel matrix was observed using 
FE-SEM (JSM-7001F, JEOL). The specimens were polished and etched 
using a nital solution, consisting of 3 mL of nitric acid and 97 mL of 
ethanol. To analyze various precipitates within specific steels, TEM 
(Themis Z, Thermo Fisher Scientific Inc.) was used with energy disper
sive X-ray spectroscopy (EDS) analysis. The TEM specimens were pre
pared using a focused ion beam (FIB, Helios Nanolab G3 UC, FEI). APT 
(LEAP 4000X HR, CAMECA Ins.) was used to analyze the segregation, 
clustering, and precipitation in the steel matrix. Tip-shaped samples 
were prepared using FIB milling and maintained in a vacuum chamber 
of 1.0 × 10− 11 Torr at − 233.15 ◦C. These samples were subsequently 
field-evaporated at an evaporation rate of 1.5 % using a UV pulse laser 
(λ = 355 nm), operating at a laser power of 100 pJ and a pulse rate of 
200 kHz. Following the experiment, the data were visualized and 
analyzed using Interactive Visualization and Analysis Software (IVAS, 
AP Suite 6.1).

3. Results

Fig. 1(a) and (b) illustrate the respective yield strength changes at RT 
and 600 ◦C with the addition of Nb, Ti, and V. In Fig. 1(a), the overall YS 
at RT increases with increasing microalloying content; however, the 
slope varies depending on the element. At low content up to 0.05 wt%, 
Nb is the most effective element for improving YS at RT. However, Ti 
becomes more effective than Nb at 0.10 wt%. Overall, the increase in YS 
at RT appears to be higher with Ti compared to other elements, 
considering the regression analysis results (Supplementary Fig. S1), 
where the slope for Ti (slopeTi,RT = 1874) is higher than that for Nb 
(slopeNb,RT = 1406). Among them, V exhibits the lowest slope (slopeV,RT 
= 757). In the case of the YS at 600 ◦C (Supplementary Fig. S2), Nb is the 
most effective element for improving high-temperature (HT) YS on 
average (slopeNb,HT = 1370), with Ti being equally effective as Nb 
(slopeTi,HT = 1324), as illustrated in Fig. 1(b). Even at 600 ◦C, V still 
exhibits the lowest rate of increase (slopeV,HT = 1026). Fig. 1(c) illus
trates the YS ratio (σ600oC/σRT) as a function of each microalloying 
element content. Interestingly, the increase in the ratio is similar for Nb 
and V, whereas Ti exhibits a rapid increase up to 0.05 wt%, which de
creases beyond this concentration. For V, the high increase in the YS 
ratio (σ600oC/σRT) is attributed to its low increase rate in RT yield 
strength compared to that at 600 ◦C. Conversely, the decrease in the 
ratio for Ti between 0.05 and 0.10 wt% is attributed to the steep increase 
in YS at RT compared to that at 600 ◦C. Lastly, Nb exhibits the most 
stable increase in ratio due to the similar linear increase in YS at RT and 
600 ◦C. Although each microalloying element has a different impact on 
fire resistance, they contribute to the additional improvement of high- 
temperature mechanical properties when 0.15 wt% Mo is present.

Fig. 2 illustrates FE-SEM micrographs of the microstructures of 
0.15Mo, MoNb5, MoTi5, and MoV5 steels. The microstructure of 
0.15Mo steel consists of bainite, ferrite, and pearlite, as illustrated in 
Fig. 2(a). Specimens with 0.05 wt% Nb or Ti exhibit bainitic micro
structures, as observed in Fig. 2(b) and (c). Meanwhile, the specimen 
containing 0.05 wt% V demonstrated ferrite and pearlite in several re
gions, in addition to bainite, similar to the 0.15Mo steel (Fig. 2(d)). 
Therefore, the addition of Nb and Ti to the 0.15Mo-base steel signifi
cantly enhances hardenability, resulting in a fully bainitic 
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microstructure. In contrast, the contribution of V to the hardenability is 
negligible compared to that of Nb and Ti.

Fig. 3 illustrates the precipitation behavior of MX as a function of 
temperature, calculated using the Thermo-Calc. software (TCFE12 
database). The hot rolling and high-temperature tensile testing tem
perature ranges shown in the figure were added as reference bands, 
based on the actual experimental conditions, to aid in the interpretation 
of precipitation behavior under practical processing environments. To 
predict the precipitation temperature range of each carbonitride- 
forming element, equilibrium thermodynamic calculations were per
formed for MoNb5, MoTi5, and MoV5 steels (detailed results are pro
vided in Supplementary Fig. S3). Among the microalloying elements, Ti 
(C,N) begins to precipitate at the highest temperature, approximately 
1440 ◦C. In contrast, Nb(C,N) begins to precipitate at a lower temper
ature of 1160 ◦C. Moreover, V(C,N) begins to precipitate at the lowest 
temperature at around 870 ◦C. However, considering that the actual 
cooling rate during air cooling is much faster than equilibrium condi
tions, the formation of V(C,N) is kinetically limited. Thus, V(C,N) pre
cipitation during rolling and cooling is expected to be minimal.

Fig. 4(a–c) demonstrate scanning TEM (STEM) micrographs of the 
morphology of MX precipitate in MoNb5, MoTi5, and MoV5, 

respectively. The carbonitride of Nb or V is scarcely observed, suggest
ing minimal to no precipitation, as illustrated in Fig. 4(a) and (c). 
Conversely, a large Ti(C,N) precipitate, approximately 50 nm in diam
eter, is observed in MoTi5 steel (Fig. 4(b)). EDS mapping analysis of Fe, 
Ti, C, and N for the Ti(C,N) precipitate is provided in Supplementary 
Fig. S4. Therefore, while Ti(C,N) sufficiently precipitates and grows 
during air cooling, Nb and V carbides neither precipitate nor grow under 
the same conditions.

The same steel samples were subjected to APT to analyze the pre
cipitation behavior at the atomic scale. Figs. 5–7 present the APT anal
ysis of the steel matrix of MoNb5, MoTi5, and MoV5, respectively. Fig. 5
(a–c) display 0.4 at% C, 0.2 at% Nb, and 0.2 at% Mo iso-concentration 
surface images observed in MoNb5 steel, respectively. Nb and C atoms 
are unevenly concentrated in specific regions, forming fine particle-like 
clusters. In addition, two large particles were observed, approximately 
10 nm in diameter and attached to each other in an ellipsoidal shape 
(Fig. 5(b)). These particles were rotated and magnified to provide a 
three-dimensional view, as shown in Fig. 5(d). Mo atoms were distrib
uted either within or around the particles. Considering the spatial dis
tribution and concentration profiles of Nb, C, and Mo, the observed 
particles are inferred to be Mo-rich NbC precipitates. The presence of Mo 

Fig. 1. Yield strength at (a) RT and (b) 600 ◦C and (c) YS ratio (σ600oC/σRT) with increasing Nb, Ti, and V content.

Fig. 2. FE-SEM micrographs of the microstructures of (a) 0.15Mo, (b) MoNb5, (c) MoTi5, and (d) MoV5 steels.
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within or surrounding the Nb–C-rich regions suggests that Mo may have 
segregated onto the surface of the NbC precipitate, forming a core-shell- 
like structure or contributing to a mixed-carbide morphology. Fig. 5(e) 
illustrates the line profile across the large particle, following the black 
arrow in Fig. 5(d). The atomic percentages of Nb and C increase 
significantly across the NbC precipitate interface, reaching approxi
mately 28 and 20 at%, respectively. Additionally, a moderate increase in 
Mo concentration–up to approximately 5 at%–is observed within the 
same region, suggesting that the particles are (Nb,Mo)C carbides with a 
minor Mo content [7,11]. Therefore, although the MoC precipitate was 
too fine or sparsely distributed to be detected in the TEM micrograph 
(Fig. 4(a)), APT analysis occasionally showed 10-nm nanoparticles. In 
addition to the nano-precipitate, Nb–C clusters were distributed 
throughout the matrix, considering the overall similarity in the spatial 
distribution of Nb and C. These clusters were expected to impede 
dislocation motion, thereby improving strength at elevated tempera
tures [13]. Furthermore, Mo and Nb were segregated at the prior 
austenite grain boundary, as marked by the blue dashed lines, effectively 
contributing to hardenability improvement.

Fig. 6(a–c) illustrate the iso-concentration surface images for 0.4 at% 
C, 0.2 at% Ti, and 0.2 at% Mo in MoTi5 steel, respectively. The distri
bution of Ti atoms is more uneven compared to Nb, with many large MX 
precipitates. Precipitates were predominantly smaller than 30 nm with 

some abnormally large precipitates, as illustrated in Fig. 4(b). The large 
particle magnified from the black box in Fig. 6(b), as illustrated in Fig. 6
(d), is identified as (Ti,Mo)C based on the co-enrichment of Ti, C, and 
Mo. Fig. 6(e) provides a line profile across the large particle, showing a 
larger TiC precipitate compared to that of NbC. Furthermore, in MoTi5 
steel, Mo atoms are not uniformly distributed compared to MoNb5 steel, 
but instead tend to agglomerate in specific regions, as indicated by the 
red arrows. Notably, a high concentration of Ti and C atoms is observed 
in these regions, and the overall Mo distribution in MoTi5 matrix is 
lower than in MoNb5. This suggests that Mo either forms a (Ti,Mo)C 
complex carbide by partially substituting into the TiC lattice or pre
cipitates as MoC on the surface of existing TiC particles. Such behavior 
would reduce the amount of Mo–C clustering and remaining Mo in the 
solid solution.

Fig. 7(a–c) illustrate the respective iso-concentration surface images 
for 0.40 at% C, 0.18 at% V, and 0.20 at% Mo observed in MoV5 steel. 
Both V and Mo atoms were uniformly distributed throughout the matrix. 
Some C atoms appeared to form a line (Fig. 7(a)) due to surface diffusion 
of C across the specimen surface, activated by the laser during APT 
irradiation. This phenomenon is considered an artifact observed in APT 
analysis [19]. Fig. 7(d) presents a three-dimensional view of a specific 
region where V, Mo, and C atoms are uniformly distributed, magnified 
from the black box in Fig. 7(b). No clear evidence of well-defined pre
cipitation was found in this region, indicating that V, Mo, and C remain 
mostly in solid solution or form only weak clusters. This interpretation is 
supported by the one-dimensional concentration profile in Fig. 7(e), 
which lacks distinct compositional peaks, further confirming the 
absence of a precipitate-like morphology. Therefore, in MoV5 steel, V 
was mostly dissolved in the matrix as a solid solution or partially formed 
as fine clusters without developing into well-defined precipitates in the 
matrix. Furthermore, Mo in MoV5 steel is more uniformly distributed 
compared to MoNb5 and MoTi5 steels. This uniformity is attributed to 
the absence of MoC precipitates.

4. Discussion

The three microalloying elements showed different strengthening 
behaviors at RT and elevated temperatures (Fig. 1), likely due to their 
distinct distribution and precipitation characteristics in the steel, as 
revealed by APT. Among the three microalloying elements, Ti showed 
the most active precipitation behavior, forming precipitates approxi
mately 5–30 nm in size within the matrix. This is attributed to the 
extremely low solubility of Ti in ferrite and the strong thermodynamic 
tendency of Ti to form stable compounds, such as TiN, even at high 
temperatures above 1000 ◦C, which promotes early precipitation 
behavior during reheating [20,21]. Moreover, due to the high carbide 

Fig. 3. Equilibrium volume fraction of MX carbonitrides (Nb(C,N), Ti(C,N), and 
V(C,N)) as a function of temperature, calculated using Thermo-Calc. software 
with the TCFE12 database.

Fig. 4. STEM micrographs of the morphology of MX precipitate in (b) MoNb5, (c) MoTi5, and (d) MoV5 steels.
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formation enthalpy of Ti (− 78.1 kJ/mol), Ti(C,N) precipitates during 
reheating and grows during hot rolling [20]. The Mo concentration in 
the matrix of MoTi5 steel was observed to be lower than that in MoNb5 
and MoV5 steels. This difference is not due to initial compositional 
variation, as all alloys were fabricated from the same 0.15 wt% Mo base 
composition, but rather results from the partial consumption of Mo into 
(Ti,Mo)C-type precipitates. In these precipitates, Mo atoms are 
co-enriched within the TiC lattice. Additionally, MoC may have 
precipitated on the surface of TiC due to its relatively low formation 
temperature near 620 ◦C (Supplementary Fig. S3), thereby reducing the 
precipitation activation energy [22]. As a result, the Mo distribution in 
the matrix appears inhomogeneous in the APT analysis, with Mo 
enrichment near Ti- and C-rich regions in Fig. 6. Consequently, Ti not 
only enhances hardenability, resulting in a fully bainitic microstructure, 
but also actively forms Ti(C,N) precipitates that effectively inhibit 
dislocation movement, thereby increasing YS at both RT and 600 ◦C. 
However, as the Ti content increases, the rate of RT YS increase becomes 
higher than that at 600 ◦C, leading to a decrease in the YS ratio (σ600oC/

σRT) above 0.05 wt% Ti. This behavior is attributed to additional Ti 
precipitation that occurs during tensile testing at 600 ◦C. In other words, 
further precipitation of TiC or (Ti,Mo)C may reduce the solid solution 
strengthening effect by depleting solute C or Mo. Furthermore, the 
coarsening of Ti(C,N) precipitates diminishes their effectiveness as ob
stacles to dislocation movement [12]. While Ti exhibited the strongest 
strengthening effect at low concentration due to its active precipitation 
behavior, excessive addition (beyond 0.05 wt% in this study) resulted in 
a disproportionate increase in RT YS relative to 600 ◦C. This is likely due 
to over-precipitation of Ti(C,N), leading to solute depletion and poten
tial coarsening effects, which may degrade overall mechanical 
performance.

In contrast, V and its carbide (VC) are highly soluble in austenite, 
resulting in minimal precipitation in the austenite phase [21,23,24]. 
Moreover, its low carbonitride formation temperature (870 ◦C) and low 
enthalpy (− 44.2 kJ/mol) cause V to remain mostly dissolved in the 

matrix rather than forming precipitates [20]. Therefore, V(C,N) is not 
expected to form without additional tempering, which is consistent with 
the absence of distinct precipitates in the APT analysis illustrated in 
Fig. 7. Furthermore, in the absence of favorable nucleation sites (e.g., 
pre-existing precipitates) MoC would require homogeneous nucleation, 
which involves high activation energy and does not precipitate during 
air cooling. This results in a more uniform Mo distribution in the matrix 
of MoV5 steel compared to MoNb5 and MoTi5 steels. Consequently, 
both V and Mo remain dissolved in the ferrite matrix without forming 
precipitates. Additionally, due to the low hardenability of V [25], a 
significant amount of ferrite and pearlite remains even with the addition 
of 0.05 wt% V (Fig. 2(d)). V also has a low lattice misfit parameter in 
ferrite (0.0338), which contributes to its limited strengthening effect at 
RT [13]. These factors resulted in a lower increase in RT strength with 
increasing V content compared with the other steels. However, under 
high-temperature tensile testing at 600 ◦C, the YS increased linearly 
with V content, in contrast to the trend observed at RT. This behavior is 
likely due to secondary hardening via VC precipitation and aligns with 
previous studies reporting maximum hardness in V-containing steels 
tempered between 550 and 600 ◦C [24]. This contrast in behavior 
suggests that V contributes more significantly to strength retention 
through thermally activated mechanisms rather than through precipi
tation during rolling. Specifically, V remains mostly in solid solution 
after rolling – limiting precipitation strengthening at RT – while VC is 
likely to precipitate at elevated temperature, either during heating or 
under applied stress, thereby contributing to secondary hardening and 
improved yield strength. Although no VC precipitates were observed in 
the APT analysis conducted on as-rolled specimens, the linear increase 
in YS at 600 ◦C suggests that fine VC may have formed during tensile 
testing at elevated temperature. However, further investigation using 
post-deformation APT or TEM would be necessary to confirm this 
mechanism.

For MoNb5 steel, although Nb exhibits a lower carbide formation 
enthalpy (− 47.5 kJ/mol) than Ti, its high precipitation temperature 

Fig. 5. APT analysis of MoNb5 steel: iso-concentration surfaces of (a) 0.4 at% C, (b) 0.2 at% Nb, and (c) 0.2 at% Mo; (d) a magnified view of a Nb-rich precipitate 
indicated by the black box in (b) (20× 20 × 40 nm3); and (e) line concentration profiles along the blue arrow in (d).
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(1160 ◦C) and low solubility in ferrite facilitate the precipitation during 
hot rolling [20,21]. Therefore, finer precipitates, typically less than 10 
nm in size, were observed in the APT analysis (Fig. 5), compared to those 
in Ti-containing steel [12]. In addition, Mo atoms were found within or 
on the surface of NbC precipitates, indicating the formation of (Nb,Mo)C 
complex carbides and the associated consumption of Mo from the ma
trix. This led to an inhomogeneous Mo distribution in the microstruc
ture. The presence of Mo within the NbC precipitates highlights a 
potential synergistic effect, where Mo may enhance the thermal stability 
and coarsening resistance of NbC. This (Nb,Mo)C configuration could be 
beneficial in maintaining strength at elevated temperatures, similar to 
the role of Mo in stabilizing complex carbides in alloyed steels [26]. In 
addition, Nb shows the most pronounced hardenability among the three 
microalloying elements [25], effectively enhancing the matrix harden
ability and promoting the development of a bainitic microstructure. 
Moreover, Nb, which also has the highest lattice misfit parameter 
(0.0610) in ferrite, acts as an effective element for deformation resis
tance in the solid solution state [13]. Furthermore, the frequent coloc
alization of Nb and C in the APT analysis indicates the presence of Nb–C 
clusters, which also contribute to increased resistance to dislocation 
motion [13]. Consequently, in Nb-containing steel, the combined effects 
of bainite formation, fine precipitates, solid solution, and Nb–C clusters 
result in a stable increase in YS, not only at RT but also at 600 ◦C.

The three microalloying elements strengthen YS at both RT and 
elevated temperature through distinct mechanisms. Ti provides the most 
effective strengthening at low additions due to active precipitate for
mation; however, excessive additions can negatively affect the YS ratio 
(σ600oC/σRT) due to solute depletion and precipitate coarsening. V con
tributes less to hardenability and does not significantly improve RT YS 

due to the absence of precipitate and limited solid solution hardening; 
however, it enhances YS at 600 ◦C via secondary hardening. Nb, on the 
other hand, effectively enhances hardenability and improves both RT 
and 600 ◦C YS through combined effects of fine precipitates, solid so
lution strengthening, and Nb–C clusters. In conclusion, this fundamental 
and systematic investigation clarifies the individual effects of Ti, Nb, and 
V on fire-resistant properties. Based on these insights, exploring opti
mized combination of these elements represents a promising direction 
for future work in the design of next-generation fire-resistant steels.

5. Conclusion

We systematically investigated the distinct strengthening mecha
nisms of three key microalloying elements–Nb, Ti, and V–in low-Mo fire- 
resistant steel. To isolate the individual contribution of each element, 
Nb, Ti, and V were independently added at varying concentrations to a 
0.15Mo-base steel. Their effects on room- and elevated-temperature YS 
were evaluated through tensile testing at RT and 600 ◦C, while the 
corresponding microstructural features–solid solution, clustering, and 
precipitation–were characterized using TEM and APT. The key findings 
are summarized as follows. 

• Ti exhibited the most pronounced strengthening effect at both RT 
and 600 ◦C, primarily due to active formation of (Ti,Mo)(C,N) pre
cipitates and a bainitic microstructure. The YS improvement was 
especially significant at lower Ti contents, though excessive addition 
led to over-precipitation and solute depletion, which in turn reduced 
the YS ratio (σ600oC/σRT).

Fig. 6. APT analysis of MoTi5 steel: iso-concentration surfaces of (a) 0.4 at% C, (b) 0.2 at% Ti, and (c) 0.2 at% Mo; (d) a magnified view of a Ti-rich precipitate 
indicated by the black box in (b) (30× 30 × 30 nm3); and (e) line concentration profiles along the black arrow in (d).
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• V showed limited strengthening at RT, due to low hardenability and 
lack of precipitates. However, it contributed notably to strength at 
elevated temperatures through secondary hardening. A clear linear 
increase in YS was observed with V content at 600 ◦C, suggesting 
thermally activated precipitation of VC during heating or 
deformation.

• Nb provided the most balanced improvement in strength at both RT 
and 600 ◦C. This was attributed to the synergistic effects of bainite 
formation, fine (Mo,Nb)C precipitation, and Nb–C clustering. As a 
result, Nb-containing steels demonstrated the highest YS ratio 
(σ600oC/σRT) among the three elements.

• APT revealed compositional dependence in solute redistribution: Ti 
promoted Mo consumption into (Ti,Mo)C; Nb retained more Mo 
around (Nb,Mo)C; and V maintained a more uniform Mo distribution 
due to the absence of carbide formation. These patterns reflect 
element-specific interactions with Mo and their impact on precipi
tation behavior.

Overall, these results highlight how each microalloying element 
contributes uniquely to fire resistance. By decoupling their individual 
roles and assessing their composition-dependent effects, this study offers 
a practical framework for optimizing the design of fire-resistant steels 
through tailored microalloying strategies.
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