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Abstract 

 

In this study, Nb-V microalloyed steel was produced and sintered at 1150 °C for 1 h followed 

by cooling in furnace. While one of the sintered samples was used in the sintered condition, 

the other one was cooled in air after homogenisation heat treatment at 1150 °C for 1 hour. The 

remaining samples were deformed at 20%, 40% and 60% in the temperature range 1150-

930 °C and then cooled in air. Microstructure and precipitates formation of samples were 

investigated by optic microscope, scanning electron microscope and energy dispersive 

spectroscopy analyses. It was observed that samples showed smaller grain size, but higher 

volume fractions of ferrite under homogenised and 20%, 40% or 60% deformed conditions. 

This indicated that grain refinement and ferrite formation is accelerated with the deformation 

which affect the nucleation rate of ferrite. Also, the yield strength, hardness and density 

increased by the increase in deformation rate. 

 

Keywords: Microalloyed steels; Powder metallurgy; Thermomechanical processing; 

Microstructure and mechanical properties 

 

1. Introduction 

 

The name “microalloyed steel” was first applied to low carbon steels containing Nb and/or V. 

Any attempt at a rational definition of microalloying based on the increase in strength 

produced by small additions would now include Al, V, Ti and of course Nb-treated steels. 

Such steels contain less than 0.1 wt.% of the alloying additions and yield strength increases of 

up to two times that of a plain carbon-manganese steel can be attained. It would appear that 

"microalloyed steels” as a name was reserved for the steels containing small amount of an 

alloying element which will produce grain refinement and/or precipitation hardening by the 

formation of stable carbides or nitrides [1, 2]. 

 

Thus, microalloyed steel will typically contain Nb, Ti or V and their specific effects may be 

influenced by other alloying additions such as Al or B. The effects of the microalloying 

elements are also strongly influenced by thermal and thermomechanical treatments [1-4]. The 

effective utilisation of Nb, Ti or V increase the mechanical properties achieved by 

thermomechanical processing in microalloyed steels and therefore it is important to 

understand the fundamental behaviour of the elements such as solubility, precipitation of 

carbide or nitride and retardation of austenitic recrystallisation [5-7]. The primary function of 

the microalloys is brought about through their carbonitrides, which can influence the 

properties of steel through various mechanisms such as grain refinement and precipitation 

strengthening [8].  
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Nb, Ti, and V are now widely used for their ability to increase the mechanical properties of 

steel. It is understood that these elements exert their powerful influence mainly through their 

behaviour during and subsequent to the hot deformation processing of austenite. The 

microalloying elements prevent the movement of grain boundaries, recrystallization 

boundaries and dislocations when they are present either as solute or as precipitates [2,9]. 

When microalloying elements are in solid solution in austenite, these elements can also 

increase hardenability, therefore leading to lower transformation temperatures. The 

suppression of both grain coarsening and recrystallization contributes to the control of the 

austenite microstructure, while this effect together with the hardenability effect act to control 

the final microstructure [9-11].  

 

The minor addition of Nb to steel prevents the recrystallization of austenite and to achive 

finer microstructure. A similar effect is also seen in Ti added steels. However, it was observed 

that this effect is less marked in V added steels [5, 12]. V is widely used in microalloyed steel 

due to its higher solubility in the austenite compared to Nb and Ti [13]. V forms VCN at 

lower temperatures than Nb and Ti. If the austenitising temperature is high, the carbonitrides 

will dissolve and more free V will be in solid solution before cooling. This will increase the 

hardness of the steel. Likewise, if the composition of the precipitates is in such a ratio that 

they cannot dissolve at the austenitising temperature, less V will be in solution and lower 

hardenability will be obtained [14]. 

 

The production of microalloyed steels is carried out by casting, rolling and controlled cooling 

methods. However, the difficulty and cost of the production stages of microalloyed steels 

have led to produce these steels with powder metallurgy (PM) [15]. Therefore, microalloyed 

steel has been produced using the powder metallurgy in recent years. Powder metallurgy was 

developed as an alternative method to hot and cold pressing, traditional casting and machining 

methods.  In this method, parts that are difficult to manufacture are produced in powder form 

with minimum tolerances and high strength compared to other production methods. In other 

words, the production of parts by pressing metal powders in accordance with the size and 

shape and sintering them in a protective gas atmosphere or under vacuum in the temperature 

range of 0.75-0.86Tm (Tm: melting temperature) is defined as powder metallurgy [16]. 

 

The high quality and rapid production of parts has made powder metallurgy to preferer over 

other classical methods. However, besides the advantages of the PM method, it also has some 

disadvantages [17]. The biggest disadvantage of powder metallurgy is the porous structure 

which cannot be completely eliminated and the density is lower than the materials produced 

by the conventional casting method [18]. Literature investigations indicated that the 

techniques and metallurgical basis for the processes involved have not previously been drawn 

together in a single work. The aim of this study is to minimize the porous structure of Nb-V 

microalloyed PM steel by thermomechanical processes and to improve mechanical properties 

by controlling density and precipitate formation simultaneously. These are the most important 

innovation and difference of this work. 

 

2. Materials and methods 

 

In the present work, a microalloyed steel in the composition of Fe-0.35C-0.1Nb-0.1V (wt.%) 

was produced by PM method. Fe, graphite, Nb and V powders of 45 μm, 10-20 μm, <45 μm, 

45 μm were used with purities of 99,9%, 96,5%, 99,5% and 99,8%, respectively.  It was 

observed that Fe powder is mostly irregular in shape and graphite powder is in flake shape. 
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Nb and V powders have an irregular shape and sharp-cornered geometry. SEM images of the 

powders are seen in Figure 1. 

 

 
 

Figure 1. SEM images of (a) Fe, (b) Graphite, (c) Nb and (d) Ti powders. 

 

A digital precision balance was used to weigh the powders at the required mass. Weighed 

powders were mixed in a turbula device for 3 hours. The mixed powders were pressed at 700 

MPa in a hydraulic pressure with 96-ton capacity. 5 cylindrical samples in dimension of 

Ø32x29 mm were produced by cold pressing according to ASTM E9 standards. Pressed 

samples were sintered at 1150 °C for 1 h under argon atmosphere and then cooled to room 

temperature in the furnace. Figure 2 shows schematic presentation of sintering process. 
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Figure 2. Schematic presentation of sintering process. 

 

While one of the sintered samples was used in the sintered condition, the other one was 

cooled in air after homogenisation heat treatment at 1150 °C for 1 h. The remaining samples 

were deformed at 20%, 40% and 60% in the temperature range of 1150-930 °C at a strain rate 

of 2,8x10-1 s-1 and then cooled in air. Temperature measurements during deformation were 

carried out with a double laser heat meter. Figure 3 and 4 show the process steps used in the 

experimental study and the samples produced under different conditions respectively. 

 
Figure 3. Process steps used in the experimental study. 
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Figure 4. Produced samples a) sintered, b) homogenized, c) 20%, d) 40% and e) 60% 

deformed. 

 

The chemical composition of produced Fe-0.35C-0.1Nb-0.1V (wt.%) samples was 

determined by spectral analysis method. Three different measurements were made on the 

produced sample and the average of these was accepted as chemical composition of steel. The 

results are given in Table 1. Spectral analysis results show that the planned chemical 

composition before production and obtained chemical composition after production are 

compatible with each other.  

 

Table 1. Spectral analysis results of sintered Fe-0.35C-0.1Nb-0.1V (wt.%) steel. 

 

Sintered C (wt.%) Nb (wt.%) V (wt.%) Fe (wt.%) 

1 0.346 0.135 0.113 98.669 

2 0.386 0.114 0.132 98.685 

3 0.392 0.105 0.097 98.568 

Average 0.375 0.118 0.114 98.61 

 

The microstructure examinations of the sintered, homogenized, 20%, 40% and 60% deformed 

samples were carried out by optic microscope (OM) and scanning electron microscope 

(SEM). For metalographic examinations, samples were ground, polished and etched in 2% 

Nital solution to show the microstructure. Grain size and ferrite or pearlite volume fractions 

were measured by mean linear intercept and point count methods respectively. The sintered 

density were obtained through water displacement using Archimedes’ principle. Compression 

tests were done at 1 mm/min crosshead speed using a 200 kN capacity BESMAK brand 

Electromechanical test machine at room temperature. Hardness measurements were done by 

applying a load of Hv0.5 (500 g). The average of 10 hardness measurements is used as the 

microhardness value.  

 

3. Results and discussion 

 

Figure 5 and Figure 6 reveal the OM and SEM microstructures of Fe-0.35C-0.1Nb-0.1V 

microalloyed PM steel under sintered, homogenised, 20%, 40% and 60% deformed conditions. 

It was observed that the structure consists of ferrite, pearlite and a porous structure. As is seen, 

the porous structure is evident in the sintered and homogenized sample and the porous 

structure and grain size decreases with increasing deformation rate. For example, the grain 

sizes of the sintered and homogenised samples are 23 μm and 19 μm respectively. It is clearly 

seen that the homogenised samples have smaller grains than the sintered samples. This is due 

to the fact that homogenised samples were cooled faster than sintered samples. At higher 

cooling rates such as air cooling, grain refinement occurs before the austenite-ferrite 

transformation [19]. Also, the grain sizes decreased to 18 μm, 16 μm and 14 μm when the 



 

6 

 

deformation rate increased to 20%, 40% and 60% respectively. Nb is an element that allows 

significant dissolution of NbCN at high temperatures. However, carbonitrides show low 

solubility at low temperatures of austenite. At these temperatures, undissolved carbonitride 

often acts as an effective grain refiner [20]. NbC precipitates, especially occured in the 

austenite region (900oC-1300oC), inhibit recrystallization and form small ferrite grains. Nb 

and V precipitate as carbides, nitrides or carbonitrides and increase the strength of steels 

through grain refinement, solid solution hardening and precipitation strengthening [6,21-23]. 

 

Precipitation strengthening is the most desired mechanism which is occurred by the formation 

of VC-like precipitates, especially in forging products. The type, size and distribution of 

precipitate particles are important for hardening. V is the most important element due to its 

high solubility in austenite [13]. The main function of V is precipitation hardening and carbon 

rich VCN is formed at temperatures below 700oC. V precipitates with the size of less than 

0.03 µm occur during or after transformation. VN can form in the austenite of medium carbon 

steels, especially when the amount of N is high, and can refine the structure similarly to NbC 

[2,24,25]. 

 

 
 

Figure 5. OM and SEM microstructure of the PM microalloyed steel at different 

magnifications; (a,b) sintered and (c,d) homogenised samples. 

 

 

 

 

 

a b 

c d 
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Figure 6. OM and SEM microstructure of the PM microalloyed steel at different 

magnifications; (a,b) 20%, (c,d) 40% and (e,f) 60% deformed samples. 

 

Table 2 also gives density (%), porosity (%), pearlite (%), ferrite (%) and average grain size 

values of PM microalloyed steel samples under different conditions. As is seen in Table 2, the 

density (%) values of the sintered and homogenised sample are 90% and 89% respectively. 

When the samples deformed at 20%, 40% and 60%, a continuous increase in density to 96%, 

97% and 98% was noticed respectively. Alloying generally decreases the density, but 

sintering temperatures, sintering times and deformation rate increase the density of PM alloys 

[26,27]. It was also observed from Table 2 that ferrite volume fraction of homogenised and 

deformed samples increased compared to the sintered samples. This is due to smaller grain 

b a 

c d 

e f 
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sizes in homogenised and deformed samples which accelerated nucleation rate of ferrite. 

Deformation also increases the nucleation rate by rising the amount of strained region at the 

austenite grain and grain boundaries [28,29] 

 

Table 2. Density (%), pores (%), ferrite (%), pearlite (%) and grain size values of PM 

microalloyed steel. 

 

PM steel Density 

(%) 

Pores 

(%) 

Ferrite (%) 

± σ (SD) 

Pearlite (%) 

± σ (SD) 

Grain sizes (μm) 

± σ (SD) 

Sintered 90 9 77±0,48 23±0,87 23±0,73 

Homogenised 89 10 80±0,44 20±0,89 19±0,61 

20% deformed 96 3 84±0,40 16±0,91 18±0,55 

40% deformed 97 2 85±0,39 15±0,92 16±0,49 

60% deformed 98 1 87±0,36 13±0,93 14±0,43 

 

Figure 7 reveal the line EDS results of sintered and 20% deformed samples. The line EDS 

analyses were carried out at the cross-section of the matrix and precipitate particles. EDS 

results, showing the concentration distribution of Fe, C, Nb and V along the line in Figure 7, 

indicated that niobium-rich (V-Nb)C precipitates are formed in the structure and these 

precipitates are located at the grain or grain boundaries. Among all microalloying elements, 

Nb is the strongest element to retard the recrystallization of austenite through the solute drag 

effect or deformation-induced precipitation. Inhibition of recrystallization leads to the 

formation of dislocations, deformation bands, twinning bands and subgrain structure which is 

well-known strong sites for nucleation and accelerate the precipitation process in the 

deformed microstructure [30].  

 

In the traditional PM processes Mn is also used as alloying elements, because Mn influences 

the precipitation behaviour of microalloy carbonitrides in austenite during thermomechanical 

processing [31]. For example, the precipitation kinetics of Nb(CN) was investigated by Akben 

et.al [32] in the steel with Mn content between  0.5-1.6 wt.%. They found that increasing Mn 

content in Nb microalloyed steels delayed the dynamic precipitation of Nb(CN). They 

attributed the delay effect to the influence of Mn on the activity coefficients of the 

precipitating species, as a result of which the carbonitride solubility was increased [33]. Also, 

Grajcar et.al [34] investigated the effect of Mn on phase equilibrium and austenite 

decomposition in high strength steel. They found that the various Mn content influences the 

hardenability and hence the austenite decomposition during cooling. It should be pointed out 

that Mn concentration in microalloyed steel is important and it effects thermodynamics and 

kinetics of static strain-induced precipitates in microalloyed steels. 
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Figure 7. Line EDS analysis obtained from the (a) homogenised and (b) 20% deformed 

samples. 

 

Stress-strain diagrams and compression test results of sintered, homogenized, 20%, 40% and 

60% deformed samples are given in Figure 8 and Table 3 respectively.  As is seen, the yield 

strength (Rp0,2) values of the sintered and homogenised samples are 232 MPa and 282 MPa 

respectively. An increase in Rp0,2 value is observed with the homogenisation heat treatment. 

A continuous increase in Rp0.2 values to 322 MPa, 335 MPa and 356 MPa was also observed 

as the deformation rate increased to 20%, 40% and 60% respectively. Table 3 indicated that 

the hardness results showed a similar behaviour to those of the yield strength results.  The 

hardness values of the sintered and homogenized samples were measured as 100 Hv0,5 and 

126 Hv0,5 respectively. As in the yield strength results, an increase in the hardness value is 

observed with the homogenization heat treatment which refined the microstructure by 

decreasing the grain sizes due to higher cooling rates compared to the sintered samples. 

Hardness of the 20%, 40% and 60% deformed samples continued to increase to 171 Hv0,5, 

188 Hv0,5 and 214 Hv0,5 respectively. The grain refinement, precipitation hardening, an 

increase in density and a decrease in porosity of the deformed samples raised the hardness as 

in the yield strength.  
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Figure 8. Stress and strain diagrams of sintered, homogenised, 20%, 40% and 60% deformed 

samples.  

 

Table 3. Yield strength and hardness results of sintered, homogenised, 20%, 40% and 60% 

deformed PM microalloyed steel. 

 

PM steel Rp0,2 (MPa) ± σ (SD) Hv0,5±σ (SD) 

Sintered 232±4,64 100± 2,11 

Homogenised 282±5,64 126±2,52 

20% deformed 322±6,44 171±3,42 

40% deformed 335±6,71 188±3,76 

60% deformed 356±7,12 214±4,28 

 

Compression and hardness test results indicated that the yield strength and hardness increased 

when the microalloyed PM steel was homogenized or deformed in the range of 20%, 40% and 

60%. The reason for this is that the occurrence of grain refinement and precipitate 

strengthening affected both yield strength and hardness. Interphase precipitation during the 

γ/α transformation generally contributes to the strength increment in thermomechanically 

deformed microalloyed steels. Moreover, significant precipitation hardening of steel can be 

achieved even if the amount of precipitate is at a low volume fraction [35]. Nb, V and Ti, 

which form carbides and nitrides, are added to the steel in single or multiple combinations, 

increase the strength through grain refinement and precipitation hardening. In this way, the 

mechanical properties of microalloyed steel are increased [36].  

 

It is known that the addition of Nb to low alloy steels provides higher yield strengths. Similar 

to the strength increment with grain refinement, fine Nb(C,N) precipitates play an important 

role to increase the strength by preventing dislocation and grain boundary movement. Nb can 

form as Nb(C,N) in steel and the volume fraction and sizes of Nb(C,N) have a significant 
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effect on the precipitate hardening. The higher volume fraction and the finer precipitate sizes 

of Nb(C,N) increases precipitate hardening effect significantly. During the phase 

transformation Nb atoms combine with C or N atoms at the austenite/ferrite interface to form 

Nb(CN). With the decrease in austenite/ferrite transformation temperature, the driving force 

required for the formation of Nb(CN) increases [37]. Funakawa et al. [38] showed that 

interphase precipitation could increase the strength about 300 MPa according to theoretical 

calculation. For Nb-steel, where the solubility difference between nitride and carbide is 

relatively small, mixed carbonitrides form at all nitrogen contents, even at high stoichiometric 

levels. Nb(C,N) is stable at low temperatures of austenite but dissolves at higher temperatures, 

which subsequently causes deformation-induced precipitation. The deformed austenite 

structure transforms to fine-grained ferrite during cooling and provides high mechanical 

properties. The increased precipitation of the solute Nb in smaller sizes within the ferrite 

additionally causes an increase in strength [39]. 

 

The dissolution temperature of Nb is higher than the V. Nb can coexist with V at lower 

reheating temperatures. In this case, Nb has an effect on grain refinement, while V has a 

higher effect on precipitation hardening. In addition, since the dissolution temperature of V is 

low, grain coarsening may occur in deformed steel at high temperatures. The addition of V 

and Nb can refine the grains, delay the recrystallization of austenite, and retard the γ/α 

transformation, regardless of the manner in which the two elements in the austenite phase 

dissolve or precipitate [36]. In the present work, the solubility product of NbC and VC at 

1150oC was calculated by using equation (1) and (2) given by Narita [40]. The solubility 

product of VC and NbC was found to be 1,1 and 7,38x10-3, respectively. It is clear that the 

solubility of VC is higher than NbC, and therefore V and C atoms should be present in the 

solution during sintering at 1150 °C. This soluble V will precipitate as VC in austenite or 

ferrite depending on cooling rate after sintering, homogenisation or deformation. Precipitate 

formation in microalloyed steels can occur during the γ/α phase transformation because the 

driving force for the precipitation of microalloyed carbonitrides increases during the γ/α 

transformation. Additionally, due to the different solubility of carbonitrides in the two phases, 

a high amount of precipitation can occur in ferrite. The solubility of VC in austenite is 

considerably higher those of the other microalloy carbides and nitrides, suggesting that VC 

will be completely dissolved even at low austenitising temperatures (900oC) given that the V 

level is typical of that used in microalloyed steels (up to 0.15wt.% in the case of V). Therefore 

these V and C in solution are more effective in the precipitation hardening mechanism by 

precipitating during cooling [2,41]. An increase in strength of microalloyed PM steels is due 

to precipitation hardening, resulting in the formation of NbC and VC. 

 

log [Nb%]γ [C%]γ = - 7900 / T + 3.42………………………………... (1)  

log [V%]γ [C%]γ = - 9500 / T + 6.72…………………………………. (2)  

 

In the present experimental work, the amount of Nb as NbC can also be obtained from the 

steel composition, solubility product data given in equation (1) and from equation (3), the 

weight percentage of NbC can be obtained simply by substitution of NbC in equation (4) [2].  

 

..........................(3) 

...........................……………(4) 
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From these equations the amount of NbC at 1150oC were found to be 0.085 wt.%. An 

analyses of the equilibrium precipitation of MX-type phases indicated that NbC has higher 

thermal stability than VC. Thus, the amount of NbC which is undissolved at a given 

temperature and is available for grain growth inhibitation and dissolved V and C content that 

are available for the formation of fine interphase precipitation during cooling. NbC 

precipitates restrict grain growth during sintering, homogenisation or hot deformation and the 

finer austenite grain size increases the strength of the steel containing Nb. V microaddition 

does not affect the formation of fine-grained austenite microstructure through VC dispersive 

particles but it can enhance the strength of the steel by its hardenability effect [2,42]. 

 

When the mechanical properties of sintered, homogenised, 20%, 40% and 60% deformed 

microalloyed PM steels were compared with eachother, the highest yield strength and 

hardness values were obtained in the 60% deformed samples, and followed by 40% deformed, 

20% deformed, homogenised and sintered samples. Higher amount of deformation at the 

austenite increased nucleation sites such as annealing twins and deformation bands which are 

favourable sides for phase transformation [19,28,43]. This provides the formation of a finer 

structure, causing the precipitates to be dispersed homogeneously. As a result, mechanical 

properties increase. As it is also known, density is one of the important factors affecting the 

mechanical properties of PM steels. If the density is high, mechanical properties of PM steel 

increase, because volume fraction of pores decreases with increasing the density. Pores in 

steel causes the stresses accumulation which contribute to crack propagation [44,45].   

 

4. Conclusion 

 

In this study, Nb-V microalloyed PM steel was produced and deformed at 1150-930°C to 

control density and precipitate formation simultaneously. The aim of this study is to 

investigate the relationship between microstructure and mechanical properties of PM 

microalloyed steel under sintered, homogenised, 20%, 40% and 60% deformed conditions.  

The general results obtained from present work are listed as follows: 

 

1. The microalloyed PM steel consists of ferrite, pearlite and a porous structure under 

sintered, homogenised, 20%, 40% and 60% deformed conditions. The density of the sintered 

and homogenized samples increased with increasing deformation rate. Also finer ferrite and 

pearlite phase distributed more homogenuously were observed with increasing deformation 

rate.  

 

2. The homogenised samples have smaller grains than the sintered samples. This is due to the 

fact that homogenised samples were cooled faster than sintered samples. At higher cooling 

rates such as air cooling, grain refinement occurs before the austenite-ferrite transformation. 

Also, the grain sizes decreased when the deformation rate increased. Strain induced 

precipitates such as NbC or VC occurred during deformation and prevented grain growth 

resulted in finer structure.  

 

3.  Ferrite volume fraction of homogenised and deformed samples increased compared to the 

sintered samples. This is due to smaller grain sizes in homogenised and deformed samples 

which accelerated nucleation rate of ferrite by rising the amount of strained region at the 

austenite grain and grain boundaries.  

 

4. An increase in yield strength and hardness of microalloyed PM steel is observed with the 

homogenisation heat treatment. A continuous increase in yield strength and hardness was also 
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observed as the deformation rate increased. The reason for this is that the occurrence of grain 

refinement and precipitate strengthening affect both yield strength and hardness of 

microallyed PM steel under different conditions.  

 

5. Thermomechanical process, applied to the microalloyed PM steel, can improve the 

mechanical properties by increasing density, grain refinement and precipitation strengthening 

without raising the alloying element additions. 
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Table captions in this article: 

Table 1. Spectral analysis results of sintered Fe-0.35C-0.1Nb-0.1V (wt.%) steel. 

 

Table 2. Density (%), pores (%), ferrite (%), pearlite (%) and grain size values of PM 

microalloyed steel. 

 

Table 3. Yield strength and hardness results of sintered, homogenised, 20%, 40% and 60% 

deformed PM microalloyed steel. 
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Figure captions in this article: 

Figure 1. SEM images of (a) Fe, (b) Graphite, (c) Nb and (d) Ti powders. 

 

Figure 2. Schematic presentation of sintering process. 

 

Figure 3. Process steps used in the experimental study. 

 

Figure 4. Produced samples a) sintered, b) homogenized, c) 20%, d) 40% and e) 60% 

deformed. 

 

Figure 5. OM and SEM microstructure of the PM microalloyed steel at different 

magnifications; (a,b) sintered and (c,d) homogenised samples. 

 

Figure 6. OM and SEM microstructure of the PM microalloyed steel at different 

magnifications; (a,b) 20%, (c,d) 40% and (e,f) 60% deformed samples. 

 

Figure 7. Line EDS analysis obtained from the (a) homogenised and (b) 20% deformed 

samples. 

 

Figure 8. Stress and strain diagrams of sintered, homogenised, 20%, 40% and 60% deformed 

samples.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


