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A B S T R A C T

Mechanical and microstructural characterisation after different treatments of three new experimental micro- 
alloyed steels with vanadium for potential use as rail axles was undertaken. The quenched and tempered al
loys had yield strengths from 668-1158 MPa and ultimate tensile strengths (UTS) from 880-1306 MPa. For the 
normalised and furnace-cooled alloys, the yield strengths were from 389-490 MPa with corresponding ultimate 
tensile strengths of 679–706 MPa. Although the strengths of the normalised and furnaced-cooled alloys were 
lower than the quenched and tempered, and the normalised in air alloys, they were higher than most of the 
standard conventional grades with minimum yield strength of 330 MPa and 600 MPa UTS. The quenched and 
tempered microstructures were mainly lath martensite and ferrite, with some bainite. All normalised and air- 
cooled steels, as well as the furnace-cooled 0.13 wt% V and 0.25 wt% V steels, were mainly bainite and 
ferrite. The normalised and furnace-cooled steels without V had banded ferrite-pearlite. The higher strengths of 
the quenched and tempered steels were due to the high proportions of martensite and bainite. The normalised 
and air-cooled and the normalised and furnace-cooled steels showed moderate strengths with elongations be
tween 17% and 19% due to the ferrite-bainite or ferrite-pearlite microstructures. All steels with 0.13–0.25 wt% V 
had coarse microstructures but showed potential for rail axle applications due to superior mechanical properties 
than most standard grades.

1. Introduction

There are efforts globally to reduce carbon emissions to 5 gigatons by 
2050 [1–4]. This is by developing clean energy initiatives, expanding 
rail networks, and promoting electric vehicles, which can significantly 
reduce greenhouse gas emissions. Rail transport is particularly efficient, 
emitting 75% fewer greenhouse gases than road transport [5,6], with US 
freight rail contributing less than 0.6% and globally about 2% of 
transportation emissions [5]. To further enhance sustainability, devel
oping advanced alloys with exceptional properties is essential for 
reducing emissions in transportation and construction. Railway axles, 
vital for rolling stock, are typically made from high-strength low-alloy 
(HSLA) or medium carbon heat-treatable steels [7–13]. High-speed train 
wagons use HSLA steels, achieving approximately 20% weight reduction 
without compromising structural integrity and durability due to 
strengths exceeding 700 MPa [14–16]. Conventional commuter train 
axles, operating below 160 km/h, are usually produced from medium 
carbon steels with minimum yield strengths of 330 MPa and ultimate 

tensile strengths of 600 MPa accordingly to EN 13103, 13104 and 13263 
standards [14,15].

The typical working life of a rail axle is ~30 years (109 cycles) [13,
17,18], and they are expected to achieve ~70% of their life before 
replacement or recall [19,20]. Axles fail or are considered defective due 
to surface defects caused by corrosion [21–26], ballast impacts 
(impingement of small pebbles from the sleeper beds of railway tracks) 
[20,27–29] and microstructural defects (precipitates and non-metallic 
inclusions initiating sub-surface cracks [20,21,30–32]. These surface 
and sub-surface defects become sites for crack initiation during the 
fluctuating loads which are mainly from dead weight or payloads. 
Recent changes in climatic conditions and erratic weather have also 
contributed to defects of these components [33–35]. The dynamic na
ture of these conditions, e.g., deep cold and heatwaves, can adversely 
affect the structure and properties, and inadvertently cause premature 
axle failure [33–35]. Thus, improvement of mechanical properties to 
promote structural integrity of rail axles is vital.

There has been increased and renewed interest in research and 
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development of rail infrastructure for the past two decades [24,33–41]. 
The European Union modernised and reviewed its recommended 
guidelines and standard practice for rail axle materials [36,42]. The 
program ran from 2010 to 2014 under five thematic work packages 
(WP) focusing on new axle fatigue design methods, new testing methods 
for rail axle fatigue limit assessment, surface protection technologies, 
reliability, maintenance and life cycle assessments and cost of me
chanical components using non-destructive testing (NDT). Emphasis 
was on structural integrity of rail axles which required alloys with good 
mechanical and corrosion properties to be developed [31,36,42]. Crit
ical to the success of the European and global endeavours was the drive 
for materials with mechanical properties above the minimum required 
for rail axle applications.

Similar initiatives have been ongoing in various parts of Asia [22,
33]. Indian developed corrosion resistant low alloy steels by modifying 
conventional European standard grades with no addition of Cr, Ni and 
Mo, while increasing the Mn and Si contents [19,22]. Generally, Cr, Ni 
and Mo improve mechanical, corrosion, and wear properties, but with 
increased material cost [43]. The new classes, MS3 and MS6 were 
designed in 2013 having superior properties than standard European 
EA1N and EA4T grades with relatively high Si and Mn contents [19,22]. 
In Korea, fatigue, and tensile properties on typical Mn steel for rail axles 
have been studied [33]. Recently, ways of improving mechanical 
properties of rail axle steels by alloying [44], optimizing process pa
rameters [35,41,45] and microstructures [46,47], simulations and nu
merical modelling of load effect on structural integrity [28] under 
different environmental conditions [23,47] were carried out. These al
loys have better mechanical properties compared to standard steel 
grades for axle application [21,26,30,48], and can ensure ~70–90 % of 
the working life of the axles in service.

Africa has much mineral wealth with great potential for functional 
and structural applications through beneficiation. Structural compo
nents in the transportation sector ranging from aerospace, automobile 
and trains can benefit from this value addition to the mineral wealth. 
Trains are underutilised in Africa and recent integration of railways into 
the transport mix has paved way for research [12,43]. This is because 
mostly rail infrastructure is dilapidated and ~50 % of challenges are 
material dependent [26]. Materials that are used for mechanical com
ponents are country specific and must be responsive or tailor to the at
mospheric conditions of that area. This promotes the drive towards 
mineral beneficiation and value addition to the natural mineral 
resources.

Vanadium microalloying enhances high-performance low-carbon 
steels, such as rail axles, by improving their strength, toughness, and 
overall performance [49–61]. Vanadium forms carbides (VC) that act as 
nucleation sites during phase transformations, promoting the formation 
of non-equilibrium phases such as acicular ferrite, bainite and 
martensite offering excellent combination of high strength and good 
toughness [56,59,60,62]. It facilitates both grain boundary and intra
granular nucleation [49,56,62], resulting in fine grain structures that 
enhances mechanical properties. Additionally, V influences the trans
formation from austenite to ferrite and pearlite during controlled rolling 
and cooling, encouraging bainite formation at low cooling rates and 
thereby simultaneously increasing strength and toughness [62–65]. The 
low solute drag coefficient of V in austenite promotes uniform distri
bution of alloying elements [51], ensuring consistent mechanical 
properties throughout the material [50,55,56,66]. This homogeneity is 
crucial for applications requiring high-performance materials, where 
mechanical properties are not compromised by variations in micro
structure. The modification of transformation temperatures and kinetics 
resulting from V is crucial for optimizing the mechanical properties of 
low-carbon steels in various structural applications [55,61,66].

Vanadium microalloying enhances the thermal stability of low- 
carbon steels, especially under severe processing conditions like ECAP 
[,50,53,67,68]. This enhanced thermal stability is achieved through 
high dislocation densities and carbon diffusion within the ferrite matrix, 

which helps maintain mechanical properties for high-temperature ap
plications [64,67,68]. Vanadium also significantly affects strain aging 
and the preservation of mechanical integrity under cyclic or fluctuating 
mechanical and thermal stresses [69] and preventing premature failure 
due to aging effects [64,67,68]. Additionally, the incorporation of va
nadium increases resistance to various forms of degradation, including 
hydrogen embrittlement and corrosion [51,70].

The influence of interstitial C on work hardening of V microalloyed 
steels varies with strain rate [57,58]. Increasing C reduces work hard
ening due to enhanced dynamic recovery at low strain rates [58]. At 
high strain rates, medium carbon steel initially exhibits high work 
hardening which leads to high flow stress. However, low carbon steels 
eventually surpass the high flow stress due to the interplay of strain 
hardening and dynamic softening [58].

Cooling rates significantly influence the mechanical properties of 
vanadium-microalloyed steels. The toughness–strength combination is 
driven by the amount of degenerated pearlite, which varies with cooling 
rates [57,59,71–74]. These steels are characterized by fine MC-type 
carbides (~5–10 nm) in the ferrite matrix, promoting a Baker-Nutting 
orientation relationship and specific crystallographic alignment 
([001]α//[001]VC) [59], thereby enhancing strength and toughness. 
Rapid cooling lowers the ferrite transformation temperature, increasing 
nucleation rates and refining ferrite grains through the Hall-Petch effect. 
It also encourages the formation of non-equilibrium, low-temperature 
phases such as degenerated pearlite, bainitic ferrite, acicular ferrite or 
bainite, and martensite – austenite constituents [57,59,71–74], 
achieving a strength–ductility synergy. Degenerated pearlite are 
generally formed through cementite nucleation at ferrite/austenite 
boundaries and the subsequent growth of carbide-free ferrite layers 
around cementite particles, occurring within the transformation range 
between normal pearlite and upper bainite [71]. This study presents 
innovative vanadium-microalloyed steel compositions tailored for rail 
axle applications by exploring various heat treatments and cooling re
gimes to engineer desired phases and microstructural features for su
perior mechanical properties. Additionally, incorporating V content 
(0.13–0.25 wt%) balances material cost and performance, addressing 
sustainability goals in alloy development.

2. Materials and experimental procedure

2.1. Sample preparation

Using European standard commercial rail axle steel composition as a 
baseline [14,16,75], 27 compositions with varying amounts of C, Cr, Ni, 
Mo, and V were formulated. Thermo-Calc was used to calculate the 
phase proportions for compositions with different C, Cr, Ni and V con
tents, using the Thermo-Calc TCFE 5 database. The three compositions 
selected for casting had cementite phase proportions not more than 4.5 
mass %.

A 3 kg rectangular bar was sand cast for each composition (Table 1), 
pre-heated at 1200 ◦C and soaked for 30 min until “red heat”. The bars 
were forged from a thickness of 50 mm–37 mm with a 3T load and were 
hot rolled to ~25 mm thickness then quenched in water. Square samples 
(0.4 × 0.4 mm) of the as-rolled alloys were machined for differential 
scanning calorimetry (DSC) in a Netzsch Simultaneous Thermal Analy
ser (STA 429 CD/7/G) with a Pt–Rh heating element. The tests were 
done from 25◦C to 1000 ◦C in air at a heating rate of 5◦C/min using 
alumina crucibles. Each DSC experiment was repeated and averaged. 
The Ae3 temperatures and the austenitisation temperatures for subse
quent heat treatments were derived by adding 50◦C to the data from DSC 
analyses and the Thermo-Calc results (Table 2). This is to accommodate 
the possibility of high austenitisation temperature of the alloying 
elements.

Heat treatments were carried out in a Lenton furnace (with target 
temperature being ±5◦C). The alloys were soaked for 30 min after the 
full austenitisation temperature was reached. The heat treatments were 
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a) normalising and air-cooling, b) normalising and furnace-cooling, and 
c) oil quenching followed by tempering, where the alloy was heated to 
540◦C and then allowed to cool.

2.2. Mechanical tests

The 20 × 20 mm samples were sectioned using a water jet cutter and 
prepared metallographically to 1200 grit for the hardness measure
ments. Vickers hardnesses were measured at 30 kg testing load with a 
dwell time of 15–25 seconds according to the ASTM E92 – 17 [76].

Round tensile specimens were machined from the heat treated steels 
according to the ASTM E8 standard [19] with a gauge length of 25 mm. 
Tensile tests were done using the ASTM A370-17 standard [19] on an 
Instron Universal Tensile testing machine with Bluehill software for data 
acquisition and processing. The tensile tests were conducted in triplicate 
and results were averaged.

The impact testing was done according to the ASTM E− 23 specifi
cation. Transverse and longitudinal test specimens were taken according 
to the EN 13261 specifications [14]. All specimens were tested in room 
temperature, in triplicate and results were averaged. In terms of the 
ductile – to – brittle transition temperature (DBTT), impact toughness in 
the longitudinal direction was measured from − 50◦C to 200◦C. The 
DBTT curve was plotted, and the lower shelf and upper shelf energies 
estimated.

2.3. Microstructural characterisation

The as-cast, pre-forged, hot-rolled and heat treated alloys were 
sectioned and metallographically prepared for microstructural exami
nation. The alloys were etched in 3% Nital for 20–30 s. Microstructures 
were examined with an Olympus optical microscope with stream image 
analyser software. Micrographs were taken with an FEI Nova Nano SEM 
200 and a Carl Zeiss Sigma FE-SEM with Oxford X-Act EDX detector in 
both back-scattered electron (BSE) and secondary electron (SE) modes. 
The fracture surfaces of the tensile test specimens were cut from the 
samples and ultrasonically cleaned in ethanol for 5 min. The as-cleaned 
surfaces were then examined in an SEM and images were taken in the 
BSE and SE modes.

3. Results

3.1. Thermo-Calc simulations

Table 3 shows the common phase names in a TCFe5 steel database 
and the “#” is assigned to different composition sets of the same struc
ture. Eight phases were calculated for steel with no V (0 wt%) ((Fig. 1 

(a)) and 0.13 wt% V alloyed steel with seven for 0.25 wt% V alloy (Fig. 1 
(b) and 1 (c)). The six common phases observed for the two new steels 
were FCC_A1#1, MnS, Liquid, BCC_A2#1, Fe3C and FCC_A1#2. The two 
other phases of 0 wt% V were MC_SHP and KSI_Carbide, M7C3 and 
FCC_A1#3 for 0.13 wt% V (Fig. 1 (b)) and an FCC_A1#3 for 0.25 %V 
alloy (Fig. 1 (c)). Three different FCC phases (FCC_A1#1 and FCC_A1#2, 
and FCC_A1#3) were calculated in the two alloys with V additions, 
whereas the FCC_A1#3 phase was absent in the 0 wt% V alloy ((Fig. 1 
(a)). As a strong carbide former, V had a strong effect on the phase 
proportions of the alloys, thus increasing V content decreased the phase 
proportions of Fe3C, resulting in increased α-ferrite, KSI_Carbide and 
FCC_A1#1 (Table 4). The addition of V decreased the cementite pro
portion by 20% in the 0.13 wt% V steel and 56% in the 0.25 wt% V one 
and led to ~36–46% increase in the minor phases (FCC_A1#2, MC_SHP, 
KSI_Carbide and MnS) as shown in Table 4. No discernible trend of the 
contribution of Cr and Mo was observed on the three steels.

3.2. Mechanical properties

The Vickers hardness values (HV30) of the heat treated new steels are 
given in Fig. 2. Fast cooling produced high hardnesses. The highest 
hardnesses were obtained for the rolled and water-quenched and the oil- 
quenched and tempered steels, whereas the lowest hardness was for the 
normalised and furnace-cooled steels. A sharp decrease in hardness with 
increasing V content was observed for the quenched and tempered 
samples. For the normalised and air-cooled samples, there was a small 
increase in hardness with increasing V contents, and differences in 
hardness with increasing V contents were negligible for normalised and 
furnace-cooled samples.

The stress-strain curves of the heat treated steels are given in Fig. 3. 
The highest yield and ultimate tensile strengths were obtained for the 
quenched and tempered 0 wt% V steel (Fig. 3 (a)), whereas the yield and 
ultimate tensile strengths of the quenched and tempered 0.13 %V and 
0.25 %V samples were close to each other. The 0.13 wt% V and 0.25 wt 
% V normalised, and air-cooled alloys had discontinuous yielding, and 
wide plastic zones were observed for 0 wt% V and 0.25 wt% V alloys, 
indicative of high strain (work hardening effects) (Fig. 3 (b)). The stress- 
strain curves of the normalised and furnace-cooled alloys had larger 
areas under the curves, showing good toughness (Fig. 3 (c)). The 0.13 wt 
% V and 0.25 wt% V samples showed discontinuous yielding, whereas 
the 0 wt% V sample did not.

The yield strength, UTS, elongation and reduction in area of the new 
steels are given in Table 5. The tensile strengths (yield strength and UTS) 
increased with increased cooling rate, and the oil-quenched and 
tempered alloys had the highest values. The 0 wt% V alloy had the 
highest yield strength and UTS. The normalised and air-cooled 0.13 wt% 
V alloy had the lowest yield strength and UTS, showing the elongation 

Table 1 
Compositions of the new steels.

Alloy Compositions (mass %)

C Si Mn P S Ni Cr Mo Cu V

0 %V 0.39 0.29 0.91 0.02 0.02 0.39 0.56 0.19 0.3 0.00
0.13 %V 0.35 0.3 0.8 0.05 0.05 0.40 0.30 0.15 0.3 0.13
0.25 %V 0.33 0.23 0.74 0.01 0.01 0.38 0.51 0.16 0.27 0.25

Table 2 
Heat treatment temperatures of the experimental alloys.

Alloy Ae3 from Thermo-Calc 
(◦C)

Ae3 from DSC 
(◦C)

Heat treatment 
temperature (◦C)

0 %V 767 772 ± 12 822
0.13 % 

V
782 776 ± 10 826

0.25 % 
V

796 775 ± 15 825

Table 3 
Phase names in the Thermo-Calc TCFe5 database 
for Fe-based alloys.

Phase Database

Ferrite BCC_A2
Austenite FCC_A1#1
M(C,N) FCC_A1#2
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and reduction in area decreased with increasing strength. The elonga
tion and reduction in area were below 25% and 55% for all the heat 
treated alloys.

The impact toughness of the alloys in the transverse and longitudinal 
sections are given in Fig. 4. Generally, higher impact toughness was 
observed in the longitudinal direction than the transverse direction. The 

Fig. 1. Phase proportions of low carbon V-microalloyed steels with six common phases as denoted and colour coded as FCC_A1#1 (1), MnS (2), Liquid (3), 
BCC_A2#1 (4), Fe3C (5) and FCC_A1#2 (6). The different phases include: (a) KSI_Carbide and MC_SHP for 0 wt% V, (b) M7C3, and FCC_A1#3 for 0.13 wt% V and (c) 
FCC_A1#3 for 0.25 wt% V.

Table 4 
Effect of V on phase proportions of alloys at 400 ◦C using Thermo-Calc.

Alloy Mass of phases (%)

α-ferrite Fe3C Total minor phases (FCC_A1#2, MC_SHP, 
KSI_Carbide, MnS)

0 %V 94.71 4.38 0.91
0.13 % 

V
95.25 3.52 1.23

0.25 % 
V

96.17 2.46 1.37

Fig. 2. Vickers hardnesses of the experimental steels.
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toughness of the quenched and tempered alloys was lower than the 
normalised and air-cooled and the normalised and furnace-cooled, 
corresponding to the tensile strengths. This is because the higher 
strength alloys tend to be more brittle, which is the well-known strength- 
toughness trade-off [79]. Fig. 5 shows the yield strengths and the impact 
toughness of some conventional and new steels. Some of the data points 
overlapped due to comparable impact toughness and yield strengths of 
low alloy carbon rail axle steels. The impact toughness increased with 
decreasing yield strength as expected. The quenched and tempered 
steels had the highest yield strengths. Most of the new steels were below 
the middle range, except for the quenched and tempered 0 wt% V alloy, 
which was in the top range.

Fig. 6 shows the Charpy V-notch impact toughness tests conducted in 
the longitudinal direction to determine the ductile-to-brittle transition 
temperatures (DBTT) ranging from − 50◦C to 200◦C. The results show 
that the absorbed impact energy decreases as the testing temperature 
drops, demonstrating the typical behavior associated with the ductile- 
to-brittle transition. Distinct regions corresponding to the lower shelf 
energy is between − 50◦C and 0◦C, whereas the upper shelf energy is 
between 100◦C and 200◦C. The region where the transition from brittle 
to ductile fractures ranges between 20◦C and 75◦C.

Fig. 3. Stress-strain curves of the heat treated alloys: (a) quenched and 
tempered, b) normalised and air-cooled and c) normalised and furnace-cooled.

Table 5 
Tensile properties of the heat-treated experimental alloys.

Alloy Yield 
Strength 
(MPa)

UTS 
(MPa)

Reduction in 
Area (%)

Elongation 
(%)

Conventional grade [14,15]
Conventional ≥320 ≥550 – ≥22
European standard grades [14,15,77,78]
EA1N 320 550–650 – ≥22 min
EA4T 420 650–800 – ≥18
30NiCrMoV12 ≥834 932–1079 – ≥15
Indian grades [22]
MS3 & MS6 ≥400 ≥625 – ≥22
Quenched and tempered
0 %V 1158 ± 15 1306 ± 13 36 ± 2 10 ± 2
0.13 %V 698 ± 5 880 ± 4 50 ± 1 4 ± 1
0.25 %V 668 ± 8 894 ± 12 47 ± 2 10 ± 3
Normalised and air-cooled
0 %V 587 ± 7 880 ± 12 30 ± 4 18 ± 3
0.13 %V 455 ± 16 767 ± 20 42 ± 4 12 ± 2
0.25 %V 572 ± 13 803 ± 15 36 ± 3 17 ± 2
Normalised and furnace-cooled
0 %V 389 ± 4 684 ± 5 45 ± 2 18 ± 3
0.13 %V 455 ± 6 706 ± 3 47 ± 3 19 ± 2
0.25 %V 490 ± 12 679 ± 7 53 ± 3 17 ± 1

Fig. 4. Longitudinal and transverse impact toughness of the experimental al
loys tested at room temperature, where Long = longitudinally-orientated 
specimen and Trans = transversally-orientated specimen.
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3.3. Microstructures of the new steels

The optical and SEM− SE images of the as-cast 0 wt% V and 0.13 wt% 
V steels are given in Fig. 7. The microstructure was inhomogeneous and 
had large prior-austenite grains, with some grain boundary pro- 
eutectoid ferrite for the 0 wt% V steel (Fig. 7 (a)). The microstructure 
of the as-cast 0.13 wt% V was mainly pearlite with coarse, allo
triomorphic pro-eutectoid ferrite at the prior austenite grain boundaries 
(Fig. 7 (b)). There were pearlite colonies with some blowholes and MnS 
inclusions, as in the 0 wt% V alloy. Similar microstructural features were 
observed for the as-cast 0.25 wt% V sample since the compositions were 
not very different.

All the steels, irrespective of composition, had mainly martensite 
with some retained austenite after hot rolling and water quenching. 
There was no discernible difference between the microstructures and a 
representative microstructure (for 0 wt% V) is given in Fig. 8.

The optical and SEM− SE images of the quenched and tempered 
steels are given in Fig. 9. The 0 wt% V sample was mainly lath 

martensite, with some bainite and patches of ferrite (Fig. 9(a)). Similar 
microstructures of bainite, martensite and ferrite were also observed for 
the 0.13 wt% V (Fig. 9(c)) and 0.25 wt% V alloys (Fig. 9(e)). The lath 
martensite of the 0 wt% V was finer than for samples with vanadium. 
The micrographs (optical and SEM− SE) of the normalised and air-cooled 
steels are given in Fig. 10, showing well distributed ferrite within the 
bainite. The optical and SEM− SE images of the normalised and furnace- 
cooled samples are given in Fig. 11. A coarse ferrite-pearlite micro
structure was observed for the 0 %V sample, with banding in the rolling 
direction (Fig. 11(a)). The 0.13 wt% V and 0.25 wt% V samples showed 
banded ferrite and bainite (Fig. 11(c)). Finer bainite was observed for 
the 0.13 wt% V than the 0.25 wt% V sample. The fracture surfaces of 
quenched and tempered, normalised, and air-cooled and normalised and 
furnace-cooled samples are given in Fig. 12. Generally, all the samples 
showed micro-void coalescence and dimples, indicating ductile fracture. 
Due to the higher strength of the quenched and tempered samples, their 
dimples were shallower compared to the normalised and air-cooled and 
normalised and furnace-cooled samples.

Representative EDX analyses which qualitatively show the compo
sition of the 0.13 wt% V steel with the different heat treatment processes 
are given in Table 6. Although the SEM did not show any minute pre
cipitates, such as inclusions and V-based carbides (because this was 
beyond the resolution), the EDX area analyses showed V and C, con
firming their presence.

4. Discussion

The selection of medium carbon steels for rail axles is driven by cost 
and strength [22]. Although ferrite-pearlite rail axle steels are the most 
used for rail axles, micro-alloyed steels with other dual phase micro
structures could be an alternative with enhanced properties for struc
tural integrity and for load bearing applications. The alloys studied have 
the added advantages of good wear and corrosion resistance, which was 
not initially considered for the ferrite-pearlite steels. The initial stan
dards for rail axles were focused on meeting the strength requirement, 
relatively heavy and low-cost [7–9,43,80–83]. Initial failure in
vestigations of rail axles focused on fatigue behaviour, which is a 
strength effect. This necessitated the production of rail axles from hy
poeutectoid carbon steels with remarkable strengths but with poor 
corrosion resistance. The increasing incidents of axle failure due to 
corrosion required designing against corrosion and corrosion-fatigue of 
axles.

The as-cast 0 wt% V steel had slightly higher Fe3C phase proportions 
(2.46–4.38%) than the as-cast 0.13 wt% V and 0.25 wt% V samples. This 
was mainly due to V having a higher affinity to carbon than Fe [84], 
which removed any carbon that could have reacted with Fe. Some car
bides other than Fe3C were calculated by Thermo-Calc, since they 
comprised slightly stronger carbide formers (V, Cr and Mo) than Fe. 
Nickel as an austenite stabilizer had no effect on the Fe3C phase pro
portions but was added for corrosion resistance [84].

The mechanical properties (strength, hardness, ductility and tough
ness) of rail axles are essential for structural integrity [17,26,30,85–87]. 
The strength bears the load, whereas toughness allows some plastic 
deformation which prevents potential sudden catastrophic failure. The 
yield and tensile strengths of the micro-alloyed low carbon steels were 
higher than most conventional rail axle steels (Table 5 and Fig. 3). This 
was attributed to the alloying elements and the microstructures ach
ieved from the heat treatment (Figs. 9–11). The experimental steels were 
designed to have mixed microstructures, thus ferrite-bainite, ferrite-
pearlite and ferrite-bainite with some prior austenite phase to increase 
tensile strength and toughness above the recommended standards [14,
15,88–91], without compromising the ductility. This allowed for more 
plastic deformation and increased fatigue life than most conventional 
rail axle steel grades. This would ensure a more benign ductile failure, 
and prolonged service life instead of premature and sudden failure 
driven by defect-assisted failure mechanisms with poor balance of 

Fig. 5. Relationship between the impact toughness and yield strength of car
bon steels.

Fig. 6. Ductile – to – brittle-transition (DBTT) of the microalloyed steels under 
different heat treatment conditions (NB: N&F – Normalising and furnace- 
cooling, N&A – Normalising and air-cooling and Q&T – Quenching 
and tempering).
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Fig. 7. Images of as-cast samples showing: (a) optical (light needles mainly ferrite) and (b) SEM− SE images of 0 wt% V; (c) optical and (d) SEM− SE image of 0.13 wt 
% V with ferrite (light) and pearlite (darker) and blowholes (shown by arrow).

Fig. 8. Images of as-rolled and water-quenched 0 wt% V steel: (a) Optical and (b) SEM− SE, showing martensite.
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strength and toughness [20,26]. Alloys with a good balance of strength 
and toughness have good fatigue life and good fretting wear at the 
pressed or interference fit [12]. This is shown in Fig. 5 where impact 
toughness was plotted against the yield strength.

For the micro-alloyed steels, the microstructures strongly affected 

the mechanical properties. Alloys with ferrite-pearlite and ferrite- 
bainite microstructures showed appreciable strength and ductility, 
which is typical for most structural materials where the load bearing 
ability is the main concern and must be good [14,15,88–93]. In pearlite, 
the softer ferrite, whether allotriomorphic or Widmanstätten or both, 

Fig. 9. Optical and SEM− SE images of oil quenched and tempered alloys with: (a and b) 0 wt% V, (c and d) 0.13 wt% V and (e and f) 0.25 wt% V, showing ferrite 
(light) and bainite (dark).
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provides the ductility and toughening due to its low inherent strength 
[19,22,46,94–96]. The cementite, being the harder phase, provides the 
strength lacking in the ferrite. By ensuring at least 60–40 % of the soft 
ferrite phase with evenly distributed fine precipitates, inclusions and 
fine grains in the microstructures, the strength and ductility can be 

simultaneously improved for rail axle applications [14,15,77,78].
The microstructures of carbon steels are modified by grain refine

ment by heat treatment, which affects hardness, strength, ductility and 
toughness [19]. The differences in hardness of the experimental steels 
were due to the differences in microstructures and compositions. The 

Fig. 10. Optical and SEM− SE images of normalised and air-cooled alloys with: (a and b) 0 wt% V, (c and d) 0.13 wt% V, with c) showing banding and (e and f) 0.25 
wt% V, with e) showing banding with mainly ferrite (light) and bainite (dark).
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highest hardnesses were for the as-rolled and water-quenched steels for 
all three compositions and were due to the high amounts of lath 
martensite which increased hardness [97–101]. Thermo-Calc showed 
the carbide proportion of the 0 wt% V composition was higher than for 
0.13 wt% V and 0.25 wt% V compositions (Table 4), so higher hardness 

was expected for 0 wt% V, which was found experimentally. The higher 
amounts of C, Cr and Mo in the 0 % V alloy than for 0.13 wt% V and 0.25 
wt% V steels gave the higher hardness observed, because of their high 
affinity for carbon, and hence carbide formation. Carbon in solution is 
an interstitial atom and its larger size than the interstices create large 

Fig. 11. Optical and SEM− SE images of normalised and furnace-cooled alloys: (a and b) 0 wt% V, (c and d) 0.13 wt% V and (e and f) 0.25 wt% V, showing 
predominantly ferrite and pearlite with banding along the rolling direction.
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displacements with hydrostatic strains with significant volume change 
that distorts the cubic structure from body centred cubic to body centred 
tetragonal for martensite [98] and causes the high hardness of 
martensite. The volume change associated with the martensite trans
formation is significant enough to induce cracking.

The alloying elements enhanced the mechanical properties of the 
steels. Carbon promoted interstitial strengthening and increasing the C 
content to ~0.4 wt% in bainitic steels gave strengths above 1150 MPa 
[94], which are similar to steels with ferrite-bainite microstructures 

[102,103]. By keeping C below 0.4 wt% and Mn below 1.0 wt%, 
toughness was expected to be retained and strength increased [94]. 
Chromium and Mo are carbide formers and increased the high hardness 
by precipitation strengthening, grain refinement and increased 
martensitic transformation temperature [103–105]. Vanadium is added 
to low alloy steels to improve strength and toughness by preventing 
grain growth of austenite during heat treatment [94]. However, the 
steels with 0.13 wt% V and 0.25 wt% V showed well distributed coarse 
grains (Figs. 10 and 9).

Fig. 12. SEM− SE images of the fracture surfaces of heat treated 0.13 wt% V based samples (arrows showing dimples and micro-void coalescence) for: (a) quenched 
and tempered, (b) normalised and air-cooled and (c) normalised and furnace-cooled.

Table 6 
EDX analyses of 0.13 wt% V based alloys for different heat treatments.

Elements Quenched and tempered Normalised and air-cooled Normalised and furnace-cooled

Overall Ferrite Bainite Overall Ferrite Bainite Overall Ferrite Bainite

Fe 90.7 ± 0.4 91.6 ± 0.5 91.2 ± 0.7 88.8 ± 2.3 90.3 ± 1.3 89.1 ± 1.7 89.6 ± 2.5 89.2 ± 2.0 89.7 ± 2.5
C 5.6 ± 0.7 5.3 ± 0.3 6.1 ± 0.3 5.4 ± 0.6 5.3 ± 0.3 5.1 ± 0.6 5.1 ± 0.6 5.2 ± 0.8 4.8 ± 0.7
Si 0.4 ± 0.0 0.3 ± 0.0 0.3 ± 0.0 0.6 ± 0.1 0.3 ± 004 0.4 ± 0.0 0.3 ± 0.1 0.2 ± 0.0 0.2 ± 0.0
Cr 0.6 ± 0.0 0.6 ± 0.1 0.5 ± 0.0 1.3 ± 0.7 1.1 ± 0.4 1.5 ± 0.1 1.3 ± 0.5 1.7 ± 0.4 1.2 ± 0.4
Mn 1.1 ± 0.2 0.8 ± 0.1 0.7 ± 0.1 1.5 ± 0.3 1.2 ± 0.3 1.3 ± 0.6 1.4 ± 0.4 1.6 ± 0.5 1.7 ± 0.4
V 0.2 ± 0.0 0.2 ± 0.0 0.4 ± 0.0 0.6 ± 0.1 0.3 ± 0.0 0.5 ± 0.0 0.3 ± 0.1 0.2 ± 0.0 0.4 ± 0.0
Mo 0.6 ± 0.1 0.5 ± 0.0 0.3 ± 0.0 0.6 ± 0.1 0.4 ± 0.0 0.5 ± 0.2 0.4 ± 0.1 0.3 ± 0.0 0.4 ± 0.0
Cu 0.3 ± 0.0 0.3 ± 0.0 0.2 ± 0.0 1.2 ± 0.4 0.9 ± 0.2 1.1 ± 0.3 0.9 ± 0.4 1.1 ± 0.2 0.9 ± 0.2
Ni 0.5 ± 0.1 0.4 ± 0.0 0.3 ± 0.0 0.6 ± 0.0 0.2 ± 0.0 0.5 ± 0.0 0.7 ± 0.3 0.5 ± 0.1 0.7 ± 0.2
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In steels, Cr, V and Fe have strong affinity for C, O and N, and form 
stable phases of carbides, oxides, and nitrides that pin grain boundaries 
[64,65,106,107]. However, the SEM images and XRD did not identify 
the Cr and V carbides which could have been too small to resolve in SEM 
and below 4 % in volume and so undetectable [108]. Although the 
carbides were minute, they might not also have had the suitable 
morphology to pin grain boundaries [109–112]. In low-carbon and heat 
treatable steels, at least 0.05 wt% V and a carbon content of 0.5 wt% to 
1.0 wt% [64,65,107] are needed to enhance strength. Where the C 
contents are below 0.5 wt%, the contribution of vanadium to precipi
tation strengthening is negligible [64,65,106,107,113]. In this work, the 
C contents were 0.33–0.35 wt% with 0.13–0.25 wt% V, so the C contents 
were below the threshold for noticeable strengthening from V(C,N) 
precipitates pinning the grain boundaries. Furthermore, there were no 
vanadium carbides at 400 ◦C calculated by Thermo-Calc (Fig. 1 and 
Table 4). This agreed with results for micro-alloyed steels with 
0.012–0.102 wt% V which had low or negligible precipitation 
strengthening from V–based carbides or nitrides [113]. No discernible 
trends of the influence of V are attributed to the dominance of processing 
conditions over vanadium effects [64,65,106,107,113]. Slow cooling 
rates in these steels result in coarse ferrite-bainite or ferrite-pearlite 
microstructures that overshadow potential vanadium carbide (VC) 
precipitation strengthening. Additionally, the low carbon content 
(~0.33–0.35 wt%) is insufficient for significant precipitation strength
ening, and thermodynamic limitations, thus insufficient driving force for 
the nucleation of VC at low cooling rates [64,65,106,107,113]. The lack 
of significant VC precipitation at 400◦C, as predicted from Thermo-Calc 
supports the observed minimal influence of vanadium on the mechanical 
behavior of the steels. Generally, ferrite-dominated microstructures 
exhibit dynamic strain aging (DSA) due to solute atoms like carbon and 
nitrogen, masking any subtle vanadium contributions. Typical effect of 
DSA is the serration in the stress-strain curves as shown in Fig. 3(b) and 
Fig. 3(c). Thus, the vanadium content had minimal impact because its 
effects were homogenized within the composite microstructures, while 
cooling rates and carbon content played a more critical role. Nickel 
increased the carbon content of residual austenite without compro
mising hardenability [84,94]. It was also added to improve corrosion 
resistance, which was not the original aim in material selection for rail 
axles [14,15].

Finer lath martensite and retained austenite in the water-quenched 
steels than in the oil-quenched and tempered samples also led to their 
higher hardnesses. The entrapment of C during quenching with the 
associated distortion and high residual stresses also contributed to the 
high hardness of the quenched and tempered experimental steels [84,
114,115]. However, the lower hardnesses of quenched and tempered 
samples than the hot rolled and water-quenched samples was because 
tempering partially redistributed carbon, after it moved out of the 
martensite. This reduced hardness and strength (Fig. 2) and increased 
toughness and ductility [84]. Tempering is done after quenching to 
allow some carbon to diffuse from the martensite [46,84,116,117], 
which reduces distortion, reduces the proportion of martensite and re
lieves internal stresses, thus increasing ductility and reducing strength 
and hardness [118–120]. The lath martensite transformed to bainite and 
pearlite, which had lower strength than the martensite [121–126].

The normalised and air-cooled and normalised and furnace-cooled 
samples had lower hardness and strength than the water-quenched 
and oil-quenched and tempered samples (Fig. 9), due to their ferrite- 
bainite (Fig. 10) and ferrite-pearlite microstructures (Fig. 11). Slow 
cooling rates allowed time for the displacive transformation to bainite 
[84,114,115,121–126], which was observed for all the normalised and 
air-cooled and the normalised and furnace cooled 0.13 wt% V and 0.25 
wt% V samples (Figs. 10 and 11). Although no VC precipitates were 
visible in optical and SEM images, EDX (Table 6) confirmed they were 
present, so they were likely to be very small, coherent and finely 
dispersed and thus too small to be resolved by SEM. Large plastic regions 
on the stress-strain curves, indicative of high strain or work hardening, 

occurred for all the normalised and furnace-cooled, and quenched and 
tempered 0.13 wt% V and 0.25 wt% V alloys (Fig. 3).

Fig. 13 shows that UTS values of the experimental alloys, some 
conventional axle steel grades which were in a band where high hard
nesses had corresponding high strengths, as expected [79]. The differ
ences in strength for the experimental alloys were due to their 
microstructures, and varied with the proportions of martensite or 
bainite, both being harder than pearlite. The highest yield strength and 
UTS of the oil-quenched and tempered 0 wt% V sample were due to the 
combined effects of lath martensite, bainite and ferrite. The fine laths of 
bainite and martensite had higher strength than ferrite-pearlite because 
propagating cracks at the grain boundaries are either arrested or 
deflected, so more energy is needed to propagate those cracks 
[121–127], whereas cracks propagate more easily (with less energy) in 
coarse bainite and martensite.

The lower yield and UTS of the normalised and furnace-cooled 0 wt% 
V sample were due to the coarse ferrite-pearlite microstructure. 
Increasing average grain size of the ferrite-pearlite microstructure de
creases yield strength according to Hall-Petch relationship [101,]. 
Banding occurs in hot-rolled low carbon steels and decreases yield 
strength and UTS [104,128]. Although the yield strength and UTS of the 
normalised and furnace-cooled steels were the lowest, they were higher 
than the standard grades being used for rail axles [14,15,77,78], which 
was due to the selected compositions of the experimental steels. How
ever, since the axles are forged, this would further improve the strength 
and decrease the ductility [7,8,10,129,130].

With V additions, normalised and furnace-cooled samples and the 
normalised and air-cooled samples showed discontinuous yielding. This 
is also known as the Portevin – Le Chatelier effect [131–134] and is due 
to dynamic strain ageing (interactions between moving dislocations and 
solute atoms) [98,101,126,135]. The interstitial atoms, such as C, N and 
O, pin dislocations temporarily [98,101,126,135]. Carbon atoms are a 
little larger than the sites they occupy in ferrite [43], and with sufficient 
energy (i.e., heat), carbon atoms tend to diffuse to dislocations where 
there is lower misfit, reducing local strain [98,101,126,135]. When 
stress is applied, any dislocation associated with an interstitial carbon 
requires more stress to move it away from that interstitial atom, giving 
the upper yield point. A sharp decrease in stress occurs once the dislo
cation is pulled away from the interstitial carbon atom, because the 
dislocation is easier to move, giving the lower yield point [98,101,126,
135]. Discontinuous yielding is associated with ferrite-pearlite and 
ferrite-bainite microstructures, which have inherently lower dislocation 
densities than the martensite and fully bainitic microstructures [98,100,
126]. For high dislocation density microstructures, there is no strain 
accumulation without substantial increase in stress, thus no 

Fig. 13. Ultimate tensile strength as a function of hardness of published rail 
axle carbon steels [14,15,77,78] compared with the experimental steels.
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discontinuous yielding is observed, as for the quenched and tempered 
samples (Fig. 3(a)).

The strengths of the experimental steels (Table 5) were higher than 
the standard European grades [14,15,77,78], conventional [14,15] and 
developed Indian grades [22]. The higher yield and ultimate tensile 
strengths of the experimental steels were associated with lower elon
gation (decreased ductility), as expected [79]. The yield and tensile 
strengths followed the Hall-Petch relationship where decreased grain 
size promotes higher strength at ambient temperature [136–138]. Small 
grains have more grain boundary area, and are barriers to dislocation 
movement, resulting in pile-ups of dislocations [102,105,139–142].

Alloying elements affect strength and toughness of alloys [143–149]. 
For most low carbon and HSLA steels, there is a trade-off between 
strength and toughness [13,19,20,22,26,78,150]. These alloys are pre
dominantly Fe with other alloying elements such as Cr, Mo, Ni, Si, P and 
Mn accounting to 2–5 wt% in total [14,15,77–79]. Although strength 
and toughness as well as ductility are mutually exclusive in most alloys, 
they can be balanced by tailoring compositions and controlling heat 
treatment.

The Charpy V-notch impact toughness results revealed the typical 
ductile-to-brittle transition behavior of microalloyed steels, influenced 
by heat treatment conditions (Fig. 6). The ductile-to-brittle transition 
temperature (DBTT) ranged between − 50◦C and 200◦C, with distinct 
lower shelf energies observed below 0◦C and upper shelf energies above 
100◦C. The transition from brittle to ductile fracture occurred within 
20◦C–75◦C, highlighting the sensitivity of these steels to temperature 
changes. Steels subjected to quenching and tempering exhibited lower 
toughness and higher DBTT values compared to those normalised and 
furnace – or air – cooled, indicating that the tempered martensitic 
structure increases strength but compromises toughness. Conversely, the 
ferrite-bainite microstructures resulting from normalising and air- or 
furnace-cooling provided a better balance of toughness and ductility, as 
evidenced by their lower DBTT and higher impact energies. These 
findings emphasize the critical role of heat treatment in optimizing the 
mechanical properties of microalloyed steels for applications requiring 
resistance to low-temperature impacts.

The toughnesses of the experimental alloys were comparable to 
minimum toughness required for rail axles [13,19,20,22,26,78,150]. 
Although ductility and toughness were inversely proportional to 
strength, as observed in most samples, this is mainly driven by alloying 
elements which define the microstructure [79]. The lowest fracture 
toughness and Charpy impact energy with the highest transition tem
perature for micro-alloyed steels occurred for 0.13 wt% V (Fig. 5), above 
which there was no discernible trend in toughness. In low carbon steels, 
molybdenum lowers the bainitic transformation temperature (bainite is 
formed at lower temperatures) contributing to hardenability with 
overall improvement in strength and toughness [151,152]. The addition 
of 0.14 wt% Mo contributed to ~400 MPa increase in tensile strength 
[152]. Therefore, the Mo contents of the experimental steels helped 
promote the good strength and ductility with high bainite proportions. 
Similarly, Cr only affects the toughness of low alloy steels above 0.56 wt 
% Cr (Table 1 and Fig. 4), and increases the continuous cooling transi
tion temperatures in Fe – C based alloys and reduces toughness [153,
154]. Microstructural banding is characteristic of hot-rolled and nor
malised, air-cooled and furnace-cooled low carbon steels [128,155,
156]. It occurs on rolling where some phases deform more easily than 
others, due to their structures and segregation of substitutional alloying 
elements [156]. It also depends on the difference in carbon content 
across the microstructure. Banding decreases yield and ultimate tensile 
strength [128,156,157] and was observed for the current alloys under 
the normalised, air- and furnace-cooled conditions.

Accumulation of plastic deformation in ductile materials leads to 
fracture. The fracture surfaces of failed alloys are characteristic of the 
deformation type and can be analysed to identify the failure mechanisms 
and mechanical behaviour. The fracture surfaces of the 0.13 wt% V heat 
treated samples (Fig. 12) and the quenched and tempered 0.13 wt% V 

sample had fewer and more sparsely distributed dimples and micro- 
voids, showing lower ductility than the normalised and air-cooled and 
furnace-cooled alloys. Small (0.2–5 μm) and large (15–120 μm) dimples 
were observed on all fracture surfaces. Steels with smaller dimples 
showed lower ductility than those with larger dimples [138]. The 
quenched and tempered alloys with characteristic small and shallow 
dimples had higher tensile strength than alloys that were normalised in 
the furnace, and air-cooled alloys. The normalised and furnace cooled 
alloys had better combinations of strength and ductility than the nor
malised and air-cooled alloys, as indicated by very large dimples 
(Table 5). The dimple sizes were dependent on the grain sizes (Fig. 14), 
as observed for heat treatable alloys [138]. A linear relationship was 
recorded between the size and density of dimples and the grain sizes for 
metals [138,158–161]. However, coalescence of different sized voids 
occurs in some materials [161]. The fracture surfaces showed ductile 
failure with dimples from micro-void coalescence (Fig. 12). These 
micro-void coalescences are dislocation-induced defects resulting from 
inclusions and precipitates [135,162]. In yielding (propagation of de
fects under plastic strain or hydrostatic stresses), these voids stretched 
and then coalesced to form larger voids and dimples [163]. The ridges 
between the dimples are usually the last materials to deform.

The experimental normalised and air-cooled, and normalised and 
furnace-cooled steels had strengths between 679 and 880 MPa with 
elongations between 17% and 21%, which were higher than the typical 
European [14,15] and Indian standard grades [19]. Since strength is the 
main reason for selecting hypo-eutectoid carbon steels with 
ferrite-pearlite microstructures for rail axle applications [19,22,46], 
micro-alloyed steels were considered for better axle steels. The nor
malised, air-cooled, and normalised and furnace-cooled 0 wt% V and 
0.13 wt% V steels are recommended as a basis for further optimization 
because of their overall balanced strength and toughness which are 
critical for structural integrity. The 0.25 wt% V samples did not show 
better mechanical properties than the 0 wt% V and 0.13 wt% V, hence 
the 0.25 wt% V addition was not effective and would unnecessarily in
crease the material cost [80].

5. Conclusions

The study highlight an improved mechanical properties of the 
vanadium-microalloyed steels for rail axle applications. Quenched and 
tempered alloys achieved remarkable yield strengths ranging from 668 
MPa to 1158 MPa, and UTS between 880 MPa and 1306 MPa, surpassing 
the standard rail axle grades such as EA1N and EA4T, which exhibit 
yield strengths of 320–420 MPa and UTS of 550–800 MPa. The incor
poration of vanadium (0.13 wt% and 0.25 wt%) influenced the me
chanical behaviour significantly, reducing the cementite content by 20% 
and 56%, respectively, compared to the non-alloyed steel, thereby 
enhancing strength and toughness through bainite and ferrite 
microstructures.

The ductility and toughness of the steels showed a strength- 
toughness synergy, with elongation values between 17% and 19% in 
the normalised and furnace-cooled microalloyed steels. These values 
were higher than the ~15% elongation typically reported for conven
tional grades. Additionally, the quenched and tempered steels, despite 
their higher strengths, maintained reasonable toughness with micro
structures predominantly comprising lath martensite and bainite. The 
reduction in area measurements, ranging from 36% to 53%, further 
underscored the mechanical balance achieved in the micro-alloyed 
compositions.

Impact toughness varied between the transverse and longitudinal 
orientations, with longitudinal toughness generally being superior, as 
demonstrated by Charpy V-notch tests. The highest impact toughness 
was observed in normalised and furnace-cooled steels, correlating to 
their ferrite-bainite microstructure, which provides a moderate balance 
of strength and toughness. Notably, the inclusion of 0.25 wt% V did not 
yield proportional improvements in mechanical properties, suggesting 
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that 0.13 wt% vanadium is optimal for cost-performance efficiency, 
aligning with sustainability objectives.

The ductile-to-brittle transition temperature (DBTT) of the 
vanadium-microalloyed steels ranged from − 50◦C to 200◦C. This shows 
the impact of heat treatment on toughness and transition behavior. The 
Charpy V-notch impact energy decreased with decreasing temperatures, 
a typical transition from ductile to brittle fracture. Steels normalised and 
furnace-cooled exhibited lower DBTT values and higher impact tough
ness compared to quenched and tempered steels, emphasizing their 
superior balance of toughness and strength. The ferrite-bainite micro
structures in normalised steels contributed to their improved low- 
temperature toughness, while the tempered martensitic structure in 
quenched steels resulted in higher DBTT and reduced toughness. These 
findings demonstrate the critical role of optimizing heat treatment 
processes and microstructure to tailor the mechanical properties of 
microalloyed steels for rail axle applications, where resistance to brittle 
fracture is crucial for structural integrity, reliability and safety.

Finally, the 0 wt% V and 0.13 wt% V alloys exhibit a promising 
combination of strength, ductility, and toughness for rail axle applica
tions, outperforming traditional ferrite-pearlite steels. The findings 
indicate that these micro-alloyed steels not only meet but exceed global 
standards, providing a sustainable and cost-effective solution for mod
ern rail axle design. Further optimization based on these results could 
facilitate enhanced material performance while maintaining economic 
feasibility.
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[45] E. Schmidová, P. Paščenko, B. Culek, M. Schmid, Eng. Fail. Anal. 123 (2021) 
105253.

[46] C. Zhang, Q. Wang, J. Ren, R. Li, M. Wang, F. Zhang, K. Sun, Mater. Sci. Eng. 534 
(2012) 339–346.

[47] Y. Zou, J. Li, X. Liu, T. He, J. Lu, D. Li, Y. Li, Surf. Coat. Technol. 412 (2021) 
127012.
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S. Rosypalová, J. Kukutschová, M. Cagala, J. Therm. Anal. Calorim. 112 (2013) 
465–471.

[154] M. Bleckmann, J. Gleinig, J. Hufenbach, H. Wendrock, L. Giebeler, J. Zeisig, 
U. Diekmann, J. Eckert, U. Kühn, J. Alloys Compd. 634 (2015) 200–207.

[155] S.E. Offerman, N.H. Van Dijk, M.T. Rekveldt, J. Sietsma, S. Van der Zwaag, Mater. 
Sci. Technol. 18 (2002) 297–303.

[156] F.G. Caballero, A. García-Junceda, C. Capdevila, C.G. De Andrés, Mater. Trans. 47 
(2006) 2269–2276.

[157] B.L. Ennis, C. Bos, M.P. Aarnts, P.D. Lee, E. Jimenez-Melero, Mater. Sci. Eng., A 
713 (2018) 278–286.

[158] T.B. Cox, J.R. Low, Metall. Trans. A 5 (1974) 1457–1470.
[159] J.W. Hancock, A.C. Mackenzie, J. Mech. Phys. Solid. 24 (1976) 147–169.
[160] G.T. Hahn, A.R. Rosenfield, Metall. Trans. A 6 (1975) 653–668.
[161] D. Broek, Eng. Fract. Mech. 5 (1913) 55–66.
[162] A. Pineau, A.A. Benzerga, T. Pardoen, Acta Mater. 107 (2016) 424–483.
[163] J.H. Shim, Y.J. Oh, J.Y. Suh, Y.W. Cho, J.D. Shim, J.S. Byun, D.N. Lee, Acta Mater. 

49 (2001) 2115–2122.

D.E.P. Klenam et al.                                                                                                                                                                                                                            Hybrid Advances 9 (2025) 100387 

16 

http://refhub.elsevier.com/S2773-207X(25)00011-9/sref108
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref109
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref110
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref110
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref111
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref111
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref112
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref112
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref113
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref114
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref115
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref115
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref116
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref116
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref117
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref118
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref118
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref119
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref119
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref120
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref121
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref121
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref122
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref123
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref123
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref124
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref124
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref125
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref125
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref126
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref127
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref128
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref129
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref130
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref131
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref133
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref134
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref135
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref136
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref137
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref137
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref138
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref139
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref139
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref140
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref140
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref141
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref142
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref143
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref143
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref144
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref145
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref146
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref147
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref147
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref148
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref149
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref150
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref151
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref152
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref152
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref153
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref153
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref153
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref154
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref154
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref155
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref156
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref156
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref156
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref157
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref157
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref158
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref158
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref159
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref159
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref160
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref160
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref161
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref162
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref163
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref164
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref165
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref166
http://refhub.elsevier.com/S2773-207X(25)00011-9/sref166

	Mechanical behaviour of micro-alloyed steels with vanadium for rail axles
	1 Introduction
	2 Materials and experimental procedure
	2.1 Sample preparation
	2.2 Mechanical tests
	2.3 Microstructural characterisation

	3 Results
	3.1 Thermo-Calc simulations
	3.2 Mechanical properties
	3.3 Microstructures of the new steels

	4 Discussion
	5 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	References


