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1. Introduction 

Many applications for structures, machine and vehicle parts require high strength and good 
fatigue resistance.  Traditionally, steels for these applications have been produced by forging 
and then heat treating to produce martensitic microstructures.  The hardened microstructures 
are then tempered, at low temperatures, if ultrahigh strengths and moderate toughness are 
required, or are tempered at high temperatures, if moderate high strength and high toughness 
are required.1,2) For moderate high strength products, vanadium microalloyed steels are now 
widely used.3-5)  For example, Table I, from papers given in an international symposium, lists 
applications for which microalloyed forging steels were used in 1987.4) The moderate high 
strengths of vanadium microalloyed steels are produced during cooling after forging and as 
described below, no further heat treatment is required.  The microstructures, in contrast to the 
martensite of quenched and tempered steels, consist of ferrite and pearlite precipitation 
strengthened by vanadium carbonitride precipitate dispersions.3-5) 

The Use of microalloying in steels is based on the addition of small amounts of vanadium, 
niobium and/or titanium,5) typically on the order of 0.1 to 0.2 mass pct or less. Other 
elements, such as aluminium for grain size refinement and boron for hardenability, and 
elements residual from steelmaking, may of course also present in steels in small amounts, but 
such elements and their effects are generally considered to be outside of microalloying 
technology. 

Microalloying was first applied, in the 1960s and 1970s, to flat-rolled, low-carbon steel for 
higher strengths, in which low-temperature controlled rolling and niobium additions 
combined to prevent austenite recrystallisation, and thereby promoted very fine ferrite grain 
sizes with excellent combinations of strength, between 300 and 500 MPa, and toughness.6) 
The need for higher strengths, combined with forging and higher carbon contents, however, 
produced a much different set of conditions for microalloying in forging steels. As a result 
microalloying in forging steels developed widely only in the 1980s.  Vanadium became the 
primary microalloying element, and microstructures consisting largely of pearlite 
strengthened by vanadium precipitates replaced the largely ferritic structures of low-carbon 
sheet and plate products in which niobium was the primary microalloying element. 

This paper describes in detail the processing, microstructure and properties of medium-
carbon, vanadium-containing forging steels. 

2. Processing Considerations 

Forging steel technology is based on thermomechanical forming of bar steels. Today the bar 
steels are almost universally produced by electric arc furnace melting of scrap steel, ladle 



refining, continuous casting of blooms or billets, and hot rolling to final bar diameters. The 
shaping of the bars to complex shapes, as required by some of the applications illustrated in 
Table 1, is accomplished by forging at necessarily high temperatures. In view of the high 
temperatures required for forming of complex shapes, controlled low-temperature hot 
deformation as applied to flat rolled products is not feasible. Fortunately, the high 
temperatures of forging make possible the solution of vanadium carbonitrides present as a 
result of bar steel processing, and as a result, the vanadium is available for the formation of 
fine strengthening precipitates on cooling from the forging temperature. 

The strengthening produced by the vanadium enhances the strength of medium carbon steels 
to where it competes with highly tempered heat treated steels of the same hardness.  A major 
benefit, therefore, of microalloyed forging steels is the fact that hardening heat treatment 
handling and equipment costs can be eliminated.  Fig. 1 shows the processing steps associated 
with quench and tempered forging steels, and Fig. 2 shows the processing steps for 
microalloyed forging steels and for cold finished bar steels, another technique of increasing 
the strength of bar steels. The direct cooled microalloyed steels have significantly fewer 
processing steps than do the heat treated forgings. 

3. Alloying and Microstructural Considerations 

The slow air cooling of forgings produces base microstructures that consist of ferrite and 
pearlite.  The higher the carbon content, the greater the volume fraction of pearlite that forms 
and the higher the strength of the as-cooled microstructure.  Gladman et al.7) have developed 
the following equation for the yield strengths of ferrite-pearlite microstructures in carbon 
steels: 
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Where f a  is the volume fraction of ferrite, Sa is the pearlite interlamellar spacing in mm, 

and d  is the linear intercept grain diameter in mm.  The first term of the equation relates to 
the factors that determine the strength of the ferrite component of the microstructure and the 
second term relates to the strengthening due to the pearlite component of the microstructure.  
As the ferrite content of the microstructure decreases, the yield strength increases with 
increasing pearlite content, and as shown, the interlamellar spacing of the ferrite and 
cementite in pearlite determine the strength of the pearlite. 
 

Fig. 3 shows a plot of the measured strengths versus the calculated strengths according to 
equation [1] of a number of steels with ferrite-pearlite microstructures and various 
microalloying additions.  All of the steels, except those with vanadium additions fit the 
expected yield strengths for various combinations of ferrite and pearlite and nominal 
concentrations of Mn and Si. The vanadium-containing steels showed consistently higher 
strengths than estimated only from their ferrite and pearlite contents. This enhanced 
strengthening of ferrite and pearlite microstructures provides the basis of the enhanced 
strength of vanadium Microalloyed forging steels. 



The increased strength of the vanadium-containing steel is related to the formation of fine 
vanadium-carbonitride precipitates by a mechanism that is termed Interphase precipitation.8)  
The carbonitride particles form during cooling on the interfaces between austenite and ferrite, 
and as the ferrite grows, rows of precipitate particles are imbedded in the ferrite.  Fig. 4 shows 
an example of such precipitation in 0.2% C-0.14% V steel.  The precipitate particles are quite 
fine, on the order of 10 nm in size, and are not resolvable in the light microscope. The 
vanadium carbonitride particles form in both equiaxed ferrite grains and in the pearlitic 
ferrite.5) 

The effectiveness of a microalloyed precipitation strengthening mechanism depends on the 
complete solution of any microalloy precipitates at a forging temperature.  The formation of a 
microalloy precipitate is assumed to take place by a reaction of the form: 

M + N = MN         (2) 

Where M represents a transition element such as V, Nb or Ti in substitutional solid solution in 
austenite, N represents a non-metal such as C or N in interstitial solid solution in austenite, 
and MN represents the carbide or nitride precipitate that forms in the austenite when the two 
types of elements combine.  The temperature dependence of such a reaction is given by an 
equation of the form: 

ln [M][N] = A − 
T
B        (3) 

Where [M][N] is the solubility product, A and B are constants for a given reaction, and T is 
the temperature in K.  Equation [3] shows that the solubility product increases with increasing 
temperature and the various concentrations of M and N that can make up the solubility 
product at a given temperature.  For example, plots of solubility for VN, NbN, and TiN as a 
function of microalloying element and nitrogen content for selected temperatures are shown 
in Figures 5, 6, and 7, respectively.5)  For a given curve, concentrations to the left and down 
represent complete solubility in the austenite and concentrations to the right and up represent 
concentrations where solubility is exceeded and a microalloy nitride precipitate forms in the 
austenite. 

Fig. 5 shows that VN dissolves more rapidly with temperature than does NbN, as shown in 
Fig. 6.  Fig. 7 shows that the solubility of TiN in austenite is very low, even at 1300ºC, a 
temperature, which should not be exceeded during forging. These solubility relationships 
have a major impact on the way microalloying elements are used in forging steels. The 
vanadium nitrides and carbonitrides dissolve readily at forging temperatures and therefore 
vanadium is available for precipitation on cooling. The niobium nitrides and carbonitrides 
have lower solubility and require higher temperatures for complete solution. This if forging 
temperatures are difficult to control or vary, some of the niobium carbonitrides may remain 
undissolved, and precipitation strengthening response may vary, a characteristic which tends 
to limit the use of Nb in forging steels. 

The very low solubility of Ti in austenite, even at high temperatures, prevents its use as a 
precipitation strengthening addition to forging steels. However, because TiN particles are 
stable at very high temperatures, they are effective in pinning grain boundaries. Therefore Ti 
additions, on the order of 0.01%, which cause the precipitation of fine TiN particles in 
austenite, are very effective in maintaining fine austenitic grain sizes during forging. It is 
important not to add too much Ti in order to prevent the formation of coarse TiN particles in 
liquid steel. Coarse particles are ineffective in restraining austenite grain growth and are 



detrimental to toughness and fracture.  Fig. 8 ranks austenite grain coarsening behaviour of 
steels containing V, Al, Nb and Ti and shows that grain coarsening in Ti-containing steels 
does not occur at temperatures around 1200ºC or higher.9) 

4. Mechanical Properties of Microalloyed Forging Steels 

In order to achieve moderately high strengths in microalloyed steels with ferrite-pearlite 
microstructures, medium-carbon steels that form large volume fractions of pearlite are 
typically used for forgings. Thus higher carbon steels provide higher strengths, but because of 
the sensitivity of pearlite to cleavage fracture, the higher carbon steels have lower toughness, 
as discussed below. Figures 9 and 10 show yield and ultimate tensile strengths as a function 
of carbon content for plain carbon steels and steels either microalloyed with vanadium or with 
vanadium plus niobium.10) Vanadium levels were 0.15 mass pct and niobium, when present, 
was at 0.04 mass pct. The strengths of all steels increase with increasing carbon content, and 
the vanadium steels have significantly higher strengths that do the plain carbon steels. 
Additions of Nb increased strengths over those achieved in steels with only vanadium 
additions, but as noted above, the reduced solubility of Nb compared to V makes the solution 
and effectiveness of Nb difficult to control. Yield and ultimate tensile strengths correlate well 
with hardness, as shown in Fig. 11 

Compared to highly tempered quench and tempered steels, microalloyed steels at the same 
hardness have much lower toughness. Fig. 12 compares CVN energy absorbed as a function 
of temperature for a quench and tempered 4140 steel and two vanadium microalloyed 
steels.11) The microalloyed steels with ferrite-pearlite microstructures have lower transition 
temperatures and absorb lower energies at low temperatures because of sensitivity to cleavage 
fracture. However, the two types of steel have comparable fatigue resistance, as shown in Fig. 
13. Thus, if impact conditions are not present, as for example in the operation of crankshafts, 
microalloyed forging steels are effective, economical replacements for heat treated quench 
and tempered steels with much higher alloy contents. 

Fig. 14 shows that the 27 Joule impact transition temperature of plain carbon and 
microalloyed forging steels increases with increasing carbon content, and that correlating with 
the higher strength of the microalloyed steels, the impact transition temperature increases in 
the microalloyed steels.10)  The vanadium-containing steels have lower transition temperatures 
than do the steels containing niobium, but nevertheless, impact transition temperatures, which 
mark the transition between ductile and brittle fracture, still tend to be above room 
temperature. The low toughness of pearlitic microalloyed steels is consistent with the 
susceptibility of pearlitic microstructures to cleavage fracture1) and the fact that any 
strengthening mechanism, other than that based on fine ferritic grain sizes, raises impact 
transition temperatures.5) 

Another approach to increase toughness is to add titanium as a microalloying element. As 
discussed earlier in this paper, Ti is a very strong nitride forming element, and titanium nitride 
particles are stable at the high temperatures of forging. The titanium nitride particle 
dispersions prevent austenite grain growth, and as a result more grain boundaries are available 
for pearlite nucleation and pearlite colony size is reduced. The finer pearlite colony size 
increases impact toughness.5) 

Yet another approach to increasing toughness of microalloyed forging steels is to increase 
sulfur content.12) Ochi et al.13) have shown that in vanadium-microalloyed steel ferrite 
nucleates and grows on manganese sulfide particles. Vanadium nitride and carbides 
precipitate on the sulfides and stimulate the nucleation of ferrite. As a result, ferrite forms not 



only on widely spaced austenite grain boundaries in steels forged at high temperatures, but 
also within austenite grains. The intragranularly nucleated ferrite breaks up the structure of 
coarse colonies of pearlite, effectively decreasing pearlite colony size and improving 
toughness. Fig. 15 shows examples of intragranular ferrite formation on MnS particles in a 
steel containing 0.39 pct C, 0.059 pct V, and 0.094 pct S.12) 

5. Summary 

Microalloying additions of vanadium to medium-carbon steels effectively increase the 
strength of forged steels without subsequent heat treatment after cooling of the forgings.  
Enhanced strengthening is accomplished by the precipitation of fine vanadium carbonitride 
particles in the ferrite of direct cooled ferrite-pearlite microstructures.  The highest strengths, 
approaching ultimate tensile strengths of 1000 MPa, are produced in base microstructures 
with large volume fractions of pearlite.  As a result, the resistance to cleavage fracture during 
impact loading is low.  Toughness is increased by lowering carbon content and reducing the 
amount of pearlite in the microstructure, titanium additions to refine austenite grain size and 
pearlite colony size, or by increasing sulfur content, which in vanadium-containing steels 
stimulates the formation on intragranular ferrite and effectively reduces pearlite colony size. 
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Table 1  Application for microalloyed forging steels 

Crankshafts 

Connecting Rods 

U-Bolts for Leaf Springs 

Steering Knuckle Supports 

Antisway Bars 

Induction Hardened Gears 

Drive Couplings 

Fasteners 

Pistonshafts 

Axle Shafts 

Suspension Arms 

Transmission Shafts 

Wheel Hubs 

Steering Arms 

Axle Beams 

Pipe Fittings 

 
 



 
 

Fig. 1  Temperature-time processing schedules for producing quench and tempered forgings. 
 
 

 
 

Fig. 2  Temperature-time schedules for producing direct cooled microalloyed forgings and 
cold finished bars. 



 
 

Fig. 3  Observed and calculated yield strengths for steels with ferrite-pearlite microstructures 
and various microalloyed element additions.7) 
 

 
 

Fig. 4  Fine vanadium carbonitride precipitates in ferrite of an 0.2 wt.% C- 0.14 wt.% V steel 
air cooled from 1200°C. Dark field transmission electron micrograph, courtesy of S. W. 
Thompson, Colorado School of Mines. 
 



 
 

Fig. 5  Solubility limits of vanadium and nitrogen at various austenitizing temperatures. From 
Galdman.5) 
  

 
 

Fig. 6  Solubility limits of niobium and nitrogen at various austenitizing temperatures. From 
Galdman.5) 



 
 

Fig. 7  Solubility limits for titanium nitrogen in liquid steel and in austenite. From Galdman.5) 
 

 
 

Fig. 8  The effect of various microalloying elements on austenite coarsening.9) 



 
 

Fig. 9  Yield strength as a function of carbon content and microalloying. From Sawada et 
al.10) 
 

 
 

Fig. 10  Tensile Strength as a function of carbon content and microalloying. From Sawada et 
al.10) 



 
 

Fig. 11  Yield and tensile strengths of steels with ferrite-pearlite microstructures as a function 
of hardness. From Sawada et al.10) 
 

 
 
 

Fig. 12  CVN energy absorbed as a function of temperature for quench and tempered 4140 
steel and two vanadium microalloyed steels. From Babu et al.11) 



 
 

Fig. 13  Comparison of fatigue behaviour of quench and tempered and microalloyed steels. 
From Babu et al.11) 
 

 
 
Fig. 14  27 J transition temperature as a function of carbon content and microalloying. From 
Sawada et al.10) 



 
 

Fig. 15 Intra-granular ferrite formed in MnS particles. The ferrite is surrounded by pearlite, 
which appears black in the light micrograph. From Kirby et al.12) 


