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Abstract: The Heavy-Haul railroad wheels started to use higher wear resistance steels microalloyed 
with niobium, vanadium, and molybdenum [1]. During continuous cooling, these elements depress 
the temperature of the pearlite formation, producing smaller interlamellar spacing that increases the 
hardness of the steel, besides to favor the precipitation hardening through the formation of carbides 
[2, 3]. Also, they delay the formation of difusional components like pearlite and bainite during 
isothermal transformation. The effects of these alloy elements on microstructure during isothermal 
transformation were studied in this work using a Bähr 805A/D dilatometer. Three different 
compositions of class C railway wheels steels (two microalloyed and one, non microalloyed) were 
analyzed in temperatures between 200 and 700 °C. The microstructure and hardness for each 
isothermal treatment were obtained after the experiments. Comparing with non microalloyed steel 
(7C), the vanadium addition (7V steel) did not affect the beginning of diffusion-controlled reactions 
(pearlite and bainite), but delayed the end of these reactions, and showed separated bays for pearlite 
and bainite. The Nb + Mo addition delayed the beginning and the ending of pearlite and bainite 
formation and also showed distinct bays for them. The delays in diffusion-controlled reactions were 
more intense in the 7NbMo steel than in 7V steel. The V or Nb + Mo additions decreased the start 
temperature for martensite formation and increased the start temperature for austenite formation. 

Introduction 
The research for materials that present better mechanical properties for railway wheels has been the 
focus of the industries in the last years. The pearlite microstructures have been widely used in railway 
wheels and rails over the years and did not undergo significant changes since the beginning of its use. 
Recent researches have sought to reduce the interlamellar spacing and the colonies size of the pearlite 
using microalloyed steels and combination of thermal and thermomechanical treatments routes [4]. 
Microalloyed steels are manganese-carbon steels containing small amounts (less than 0.1% in mass) 
of strong carbide-forming elements such as niobium, vanadium, molybdenum, and titanium. These 
elements in solid solution, during continuous cooling, depress the temperature formation of pearlite, 
producing smaller interlamellar spacing that increases the hardness. The fine carbides precipitated 
also prevent the growth of the austenitic grain during the cooling, contributing to the increase of the 
toughness. When added together with the niobium, molybdenum increases the number of Nb(C,N) 
particles and they are finer, which increases the potential for  the precipitation hardening [5]. The 
addition of these elements proved to be promising in reducing wear on railway wheels [6]. However, 
the increase in mechanical strength from pearlitic microstructures has reached the limit, which makes 
it necessary to search for alternative microstructures for application on wheels and rails [7]. In the 
last years, researchers have developed steels with bainitic microstructure for wheels and rails that 
present higher values of mechanical resistance, toughness and wear resistance than those provided by 
the pearlite microstructure [8-10]. The microconstituents (perlite, ferrite, and cementite) occur from 
the austenitic field when the material is subjected to slow cooling, but when the cooling is faster other 
metastable constituents may appear, such as bainite and martensite. To follow the formation of these 
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constituents are used TTT curves (temperature, time, and transformation), which can predict the 
temperatures and times for the establishment of each microconstituent. Thus, in this work, we study 
the effect of the addition of vanadium, niobium, and molybdenum on the isothermal transformation 
curves (ITT) of a class C steel of the AAR standard used in railway wheels. 

Materials and Methods 
The specimens were taken from three forged railway wheels with different chemical compositions 
(Table 1). As a reference, a Class C wheel (carbon steel) was used. In the second wheel were added 
niobium and molybdenum (7NbMo steel) and in the third wheel was added vanadium (7V steel). 
 

Table 1 - Chemical composition of the steels used in this work (weight %) 
Steel C Si Mn P S Mo Nb V 
7C 0.74 0.30 0.79 0.018 0.009 - - - 

7NbMo 0.71 0.43 0.84 0.017 0.008 0.203 0.02 - 
7V 0.68 0.55 0.88 0.007 0.011 - - 0.13 

 
The isothermal transformation curves were obtained by dilatometry tests performed on Type 805 

A/D dilatometer, available at the USP / SP - Phase Transformation Laboratory. The CPs used had a 
cylindrical shape with a diameter of 4 mm and a length of 10 mm. The procedure to obtain the 
isothermal cooling curve consisted of austenitizing the material at 880 ° C for 5 min, followed by 
abrupt cooling (rate of 20 °C/s) up to the isothermal transformation temperature, maintaining at this 
temperature for the time necessary to the transformation of the phases and subsequent slow cooling 
to room temperature. The following temperatures were used for isothermal transformation: 700, 650, 
600, 550, 500, 450, 400, 350, 300, 250 and 200°C. 

A scanning electron microscope (SEM) from Unicamp, model Zeiss EVO MA 15 was used. The 
hardness was measured using a Future Tech durometer, model FV with a load of 0.5 kgf applied 
during 15 seconds. A "Panalitical X'pert Pro" diffractometer of the CNPEM / LNNano was used for 
X-ray diffraction, with the parameters: Co Kα radiation, 40 kV, 45 mA, angle 2θ from 40° to 130°. 

Results and Discussion 
Dilatometric results and microstructure for samples treated at 700, 650, 300 e 200 °C are showed in 
Figures 1 to 4. At 700 ºC the pearlitic reaction for 7NbMo was not completed up to 30 minutes, and 
the microstructure presented pearlite and also martensite and retained austenite after cooling to room 
temperature, as can be seen in Fig. 3. Fast cooling (20 ºC/s) from 880 ºC (fully austenitic) to 200 ºC 
promoted the partial formation of martensite, since this temperature is below the start temperature for 
martensitic formation (Ms). The permanence of samples of all steels (7V, 7C, and 7NbMo) at 200 ºC 
promotes reactions detected by the dilatometer. These reactions can be the precipitation of carbides 
from retained austenite, the formation of fresh martensite due the decreasing of the carbon level in 
the austenite, the tempering of the previous martensite formed, the formation of lower bainite, or the 
simultaneous occurrence of several reactions. X-ray diffraction (Fig. 5) confirmed the martensite 
formation and retained austenite, but it is not possible to assure that there was also bainite formation 
with XRD, because the peaks of bainite and martensite presented superimposed (Table 2).  Silva et 
al. [11] observed in 0.3C-3Mn-1.5Si steel the formation of lower bainite and tempered martensite 
after austenitizing and fast cooling (20 ºC/s) to temperatures below the martensite starting 
temperature, and holding isothermally the samples for one hour.   
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Figure 1 – Dilatometric curves for 7C, 7V and 7NbMo steels with isothermal treatment at 700, 650, 

300 and 200°C. 
 

 

   
Figure 2 – Microstructures obtained for 7C steel after isothermal treatment at 700, 650, 600, 500, 

300 and 200°C, Nital 2%.  
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Figure 3 – Microstructures obtained for 7NbMo steel after isothermal treatment at 700, 650, 600, 

500, 300 and 200 °C. Nital 2%.  
 

 

 
Figure 4 – Microstructures obtained for 7V steel after isothermal treatment at 700, 650, 600, 500, 

300 and 200 °C. Nital 2%. 
 

 
Figure 5 - X-ray diffraction for 7NbMo steel after isothermal treatment at 200 °C.  
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Table 2 – X-ray diffraction peaks for bainite and martensite using cobalt tube ([12][13]). 
Planes Bainite 2θ Martensite 2θ 
(110) 52.9 53.9 
(200) 77.7 76.3 
(211) 96.8 99.0 

 

 
Figure 6 – Linear correlation between the interlamellar spacing of pearlite and Vickers hardness for 

7C, 7C and 7NbMo steels after isothermal treatment at 650 ºC. 
 

Table 3 – Pearlite interlamellar spacing, Vickers hardness and austenitic grain size after isothermal 
treatment at 650 ºC. 

Steel 7C 7NbMo 7V 
Interlamellar Spacing (µm) 0.19 ± 0.02 0.26 ± 0.03 0.15 ± 0.02 

Vickers Hardness (HV) 333 ± 2 303 ± 12  354 ± 4 
Austenitic Grain Size (µm) 12 ± 1 8 ± 1 6 ± 1 

 
The 7V and 7NbMo steels presented smaller AGS (Austenitic Grain Size) than 7C steel (6; 8 and 

12 µm, respectively), due to the precipitation of fine V, Nb, Mo carbonitrides during the forging 
process, which pinning the austenitic grain boundary and difficult its growth (Table 3). After 650 ºC 
isothermal transformation, the 7V steel presented the smallest PIS (Pearlite Interlamellar Spacing): 
0.15; 0.19 and 0.26 µm for 7V, 7C, and 7NbMo, respectively, showing that the AGS does not 
determine the PIS directly, but also depends on others effects of the microalloying elements on the 
Fe-C diagram. But, on the other hand, the Vickers hardness on these steels showed a linear 
dependence of PIS [HV = 427 – 473.PIS (in µm)] as can be seen in Fig. 6.  

To determine the martensite start temperature (Ms), the samples were cooled from austenitizing 
temperature (880 ºC) at high speed (20 ºC/s), as showed in Fig. 7, and the results are in Table 4. The 
V or NbMo addition decreased the start temperature for martensite formation (Ms = 214, 210, and 
221 ºC for 7V, 7NbMo and 7C, respectively). Carbon, manganese and silicon additions reduce the 
Ms and, as the steels used had different amounts of these elements, some empirical equations from 
the literature were used to predict the specific effect of these elements on the Ms (Table 5). The Ms 
should be lower in the 7C steel compared to 7V and 7NbMo steels, regarding only to effect of C, Mn, 
and Si. But the real measurements showed the opposite, meaning that V or NbMo additions caused a 
reduction on the Ms in these steels. 

Carbon, manganese and silicon additions also affect A1 temperature and, as the steels used had 
different amount of these elements, using Trzaska [14] equation [Ac1 = 472 – 29 C – 14 Mn + 13 Si] 
to predict the effect of these elements, we obtain 713, 715 and 717 ºC for 7C, 7NbMo and 7V steels, 
respectively, or near the Ac1 for the three steels. Meanwhile, the V or NbMo addition increased 
significantly the start temperature for austenite formation (741, 754 and 760 ºC, for 7C, 7NbMo, and 
7V steels, respectively), which was expected, since these elements have bcc structures and are ferrite 
stabilizers, contracting the austenitic field. For the other, the contracting of the austenitic field brought 
more closely the end temperature for austenite formation (768, 772 and 775 ºC, for 7C, 7NbMo, and 
7V steels, respectively). 
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Figure 7 - Determination of Ms (Martensite Start temperature) with fast cooling (20 ºC/s) from 

austenitizing temperature (880 ºC) using 7NbMo steel. 
 

Table 4 – Austenite and martensite transformation temperatures for 7C, 7NbMo, and 7V steels. 
Steel 7C  7NbMo 7V 

Austenite Start (°C) 741 754 760 
Austenite End (°C) 768 772 775 

Martensite Start (°C) 221 210 214 
 

Table 5 - Expected Martensite Start temperature (Ms) related only to C, Mn, and Si and the real Ms 
Steel [14]Trzaska 

(ºC) 
[15]Capdevila

(ºC) 
[16]Kunitake 

(ºC) 
Calculated 
Mean* (ºC) 

Real 
(ºC) 

7C 213 238 226 226 221 
7NbMo 221 244 236 234 210 

7V 231 250 246 242 214 
Ms = 491 – 302.6C – 30.6Mn -14.5Si (Capdevila); Ms = 560 – 407.3C – 37.8Mn -7.3 Si (Kunitake); Ms = 541 - 401C -36 Mn -10,5Si 
(Trzaska); Calculated Mean* = [Ms (Capdevila) + Ms (Trzaska) + Ms (Kunitake)]/3 

 
Vickers hardness for 7C, 7NbMo e 7V steels samples after isothermal treatment (Fig. 8) showed 

that, as the temperature decreased from 650 ºC to 600 ºC, the hardness increased in all steels due to 
the pearlite refinement, since there was no great difference in free ferrite fraction (Table 6). However, 
during the transition from pearlite to upper bainite, there was a decreasing of hardness in all steels, 
reaching a minimum value at 500 ºC and with a structure that looks like granular bainite in 7V and 
7NbMo steels. Below this temperature, the lower bainite increased its volume fraction, and the 
hardness increased continuously as the temperature decreased. 

Comparing with non microalloyed steel (7C), the vanadium addition (7V steel) did not affect the 
beginning of diffusion-controlled reactions (pearlite and bainite), but delayed the end of these 
reactions, and showed separated bays for pearlite and bainite (Fig. 9). The Nb+Mo addition delayed 
both, beginning and ending of pearlite and bainite formation and showed distinct bays for pearlite 
and bainite. The delays in diffusion-controlled reactions were more intense in the 7NbMo steel than 
in 7V steel. 

Medium and high carbon steels, with or without vanadium or niobium microadditions, with 
pearlitic/bainitic microstructures have been studied by various research groups in recent years [17-
36]. The results are used to produce more wear-resistant wheels and rails, extending the life of these 
components and reducing the cost of the railroad transportation. The results obtained in this work 
contribute to this development. 
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Table 6 - Vickers hardness (HV), pearlite interlamellar spacing (PIS) and free ferrite at 
temperatures that present lamellar structure (600 and 650°C).  

  7C 7V 7NbMo 
Temperature 

(°C) 
HV PIS 

(μm) 
Ferrite 

(%) 
HV PIS 

(μm) 
Ferrite 

(%) 
HV PIS 

(μm) 
Ferrite 

(%) 
650 341 0.19 1.0% 354 0.15 1.9% 303 0.26 1.2% 
600 361 0.14 0.9% 392 0.11 1.5% 334 0.20 1.5% 

 
Figure 8 - Vickers hardness for 7C, 7NbMo e 7V steels samples after isothermal treatment.  

 

 
Figure 9 – Isothermal transformation (ITT) diagrams for 7C, 7NbMo e 7V steels. 

Conclusions 
Three railway wheels using steels with the basic composition 0.7C/0.8 Mn/0.4 Si were produced by 
forging process. One, without microalloying addition (7C); the second, microalloyed with 0.13V (7V) 
and the third, with 0.2Mo + 0.02Nb addition (7NbMo). After austenitizing at 880 ºC and isothermal 
transformation in the range 700- 200 ºC, the following conclusions were obtained: 

1. The permanence of samples of all steels at 200 ºC (below Ms), after austenitizing and fast 
quenching, promoted diffusion-controlled reactions detected by the dilatometer.  

2. The 7V and 7NbMo steels showed smaller AGS (Austenitic Grain Size) than 7C steel. After 
650 ºC isothermal transformation, the 7V steel presented the smallest PIS (Pearlite Interlamellar 
Spacing): 0.15; 0.19 and 0.26 µm for 7V, 7C, and 7NbMo, respectively, showing that the AGS 
does not determine the PIS directly. 
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3. Vickers hardness on these steels showed a linear dependence of PIS: [HV = 427 – 473.PIS  
(in µm)]. 

4. The V or NbMo additions decreased the start temperature for martensite formation and 
increased the start temperature for austenite formation. 

5. As the temperature decreased from 650 ºC to 600 ºC, the hardness increased in all steels due to 
the pearlite refinement, since there was no great difference in free ferrite fraction. However, 
during the transition from pearlite to upper bainite, there was a decreasing of hardness in all 
steels, reaching a minimum value at 500 ºC and with a structure that looks like granular bainite 
in 7V and 7NbMo steels. Below this temperature, the lower bainite increased its volume 
fraction, and the hardness increased continuously as the temperature decreased. 

6. Comparing with nonmicroalloyed steel (7C), the vanadium addition (7V steel) did not affect 
the beginning of diffusion-controlled reactions (pearlite and bainite), but delayed the end of 
these reactions, and showed separated bays for pearlite and bainite. The NbMo addition delayed 
the beginning and the ending of pearlite and bainite formation and also showed distinct bays 
for them. The delays in diffusion-controlled reactions were more intense in the 7NbMo steel 
than in 7V steel. 
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