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ABSTRACT

This paper reviews microalloying strategies for bar and forging steels utilized in the as-rolled or as-forged condi-
tion, frequently with ferrite plus pearlite microstructures, or heat treated to martensitic or bainitic microstructures. 
The principal microalloying approaches involve vanadium and/or niobium, depending on the carbon content, 
processing conditions, and application requirements, where vanadium contributes through precipitation strength-
ening or resistance to softening during tempering, and niobium contributes through grain refinement or control 
of transformation kinetics, and sometimes through precipitation strengthening. The heat treated applications are 
somewhat more recent, and an example is presented showing the effectiveness of relatively high niobium levels for 
suppressing austenite grain growth and improving bending fatigue performance, enabling increased carburizing 
temperatures and productivity. 
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INTRODUCTION

Microalloyed bar and forging steels have been developed over the past several years and are increasingly employed, 
particularly in high performance applications in the transportation sector. Common applications include a variety 
of engine, transmission, suspension and driveline components1–9 such as gears, springs, crankshafts, connecting 
rods, axles, shafts, etc., although there are also important non-automotive applications such as concrete reinfor-
ment in the construction sector.4,10–12 In most instances these applications employ microalloy precipitation for 
strengthening and/or grain refinement, and thus have important fundamental characteristics in common that 
will be reviewed briefly here. Differences encountered among the various applications stem from their different 
service requirements, which drive the use of different steel compositions and base microstructures (ferrite/pearl-
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ite, bainite1,9 or martensite). These fundamental similarities and differences will be reviewed in the context of 
some specific applications that have been reported recently, and a specific example related to carburizing steel 
developments at the authors’ laboratories will be highlighted briefly.

FUNDAMENTALS OF MICROALLOYED BAR AND FORGING STEELS

Microalloyed bar and forging steels employ small additions of Nb, V, and/or Ti to improve the microstructure and 
properties, or to enable alternative processing routes. The property improvements can be substantial considering 
that the microalloying additions are less than several hundredths of one weight percent. While solute effects can 
occasionally be important,5,9 these elements usually form carbides, nitrides, or carbonitrides, and contribute by 
restricting the movement of either dislocations or interfaces, i.e. through precipitation strengthening or grain 
refinement. Both of these mechanisms are enhanced by fine particle sizes, so the design and implementation of 
microalloyed bar and forging steels involves tailoring the composition and processing to employ the requisite 
precipitation mechanisms under appropriate composition and processing constraints. 

The critical processing and composition constraints relate most prominently to the carbon content and process-
ing temperatures, which can dramatically influence the dissolution and precipitation behavior of the controlling 
microalloy species. For example, lower carbon steels are used in reinforcing-bar constructional steels and high-
carbon martensitic steels are employed in surface hardened gears, while intermediate carbon levels are used in 
other components (e.g. springs, shafts, etc.) where a balance between strength and toughness is needed. From a 
processing standpoint, steels employed in the as-rolled or as-forged condition will be reheated and then deformed 
at elevated temperature prior to transformation during cooling, while heat treated steels will be austenitized at 
somewhat lower temperatures before cooling to create the final microstructure. The reheating temperature in 
combination with the steel composition will control the extent of microalloy dissolution, and consequently the 
amount of microalloy addition available for subsequent precipitation. Fundamental solubility relationships control 
these behaviors. Precipitate dissolution and precipitation behaviors in microalloyed steels have been reviewed 
extensively elsewhere13 and will not be developed in detail here, but it should be recognized that the solubility 
of a precipitating compound such as NbC, V(C,N) or TiN is influenced by both the microalloy and interstitial 
concentrations, and that there are substantial differences in the behavior of different species. For example, TiN is 
very stable and usually precipitates at high temperatures in the austenite regime and resists subsequent coarsen-
ing. Vanadium carbonitride, V(C,N), is much less stable and is in general easily dissolved during austenitizing 
and precipitates at lower temperature. Niobium has intermediate solubility and may be employed as either a 
solute or precipitate in austenite (to influence the austenite thermomechanical processing response), or as a fine 
strengthening precipitate in ferrite. TiN is often avoided because TiN is very hard and stable particles that form at 
high temperature may be detrimental to machinability or toughness and usually contribute little to strength.

As-rolled or as-forged steels employ intermediate to high reheat temperatures with moderate carbon levels for as-
rolled construction applications (e.g. reinforcing bar) or higher carbon levels for as-forged applications requiring 
high-fatigue strength. Higher carbon forgings are associated with reduced solubility in combination with lower 
reheat temperatures, so Nb levels are very limited, while V additions may be more substantial. Thus, vanadium 
microalloying is predominant in these steels, although dual additions of V with lower levels of Nb are of grow-
ing importance. Nitrogen additions are useful to enhance precipitation strengthening in the lower carbon V 
applications.10 At high reheat temperatures, Nb solubility is greater, and significant levels of either Nb or V may 
be usefully employed, particularly at lower carbon levels where Nb solubility is greater. Niobium offers added 
potential in as-rolled or as-forged applications for “austenite conditioning” as part of the thermomechanical 
processing strategy, in which Nb may contribute by precipitating preferentially on the deformed austenite sub-
structure, suppressing austenite recrystallization, thereby refining the final microstructure. Warm working may 
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further enhance properties, and there is opportunity to develop novel thermomechanical strategies to achieve 
substantial additional microstructural refinement.14,15

Steels that are heat treated after rolling or forging may employ microalloying for austenite refinement, or for 
precipitation strengthening of the as-transformed or subsequently tempered microstructure. Here, complete 
microalloy dissolution at the austenitizing temperature is undesired, and an array of precipitates that is both fine 
and coarsening resistant is most helpful to suppress austenite grain growth. Nb and Ti are therefore most read-
ily applied for this purpose, and their limited solubility at low austenitizing temperatures precludes substantial 
precipitation strengthening or secondary hardening (or resistance to softening during tempering) in the final 
microstructure.5 Vanadium is more soluble at these temperatures, and may be considered as a potential strength-
ener even at low austenitzing (or carburizing) temperature or high carbon levels. Again, nitrogen additions may 
enhance the effects of vanadium, and competition between aluminum and vanadium for the available nitrogen 
should be considered.

The preceding paragraphs have outlined the essential alloy and process design strategies that may be employed 
in microalloyed bar and forging steels to control the interactions between chemical composition and processing, 
and their influences on microstructure and properties that control performance. Selected background and ap-
plication examples are cited accordingly. Application of these strategies to specific components involves tailoring 
a particular design to meet the property and processing requirements of the application.2 These microalloying 
strategies are increasingly employed to increase strength and performance, or to reduce the number of heat treat-
ing steps while maintaining adequate performance. The use of microalloyed forging grades to replace quench 
and tempered components has been extensively documented and employed in numerous applications. Of more 
recent interest is the development of microalloying concepts for application to carburizing, for the purpose of 
enabling increased carburizing temperatures and thus reduced carburizing times and increased productivity. In 
this application, precipitate pinning is needed to refine the austenite, and the alloy and process design strategy 
must develop an array of fine precipitates that are stable (i.e. undissolved) and coarsening resistant at the highest 
temperatures possible. The remainder of this paper briefly highlights some recent work in the authors’ labora-
tories along these lines.

MICROALLOYED CARBURIZING STEELS

Conventional gas carburizing treatments are usually performed at relatively low temperatures in the austenite 
phase field, where austenite coarsening is minimal and/or suppressed adequately by the presence of AlN. New 
furnace technologies such as low-pressure or plasma carburizing are driving interest in much higher carburizing 
temperatures, however, because of their capability to operate at elevated temperatures and their inherently lower 
productivity. Reduced productivity can be mitigated somewhat by operating at higher temperature, due to the 
enhanced mobility of carbon, so long as other detrimental factors such as grain coarsening can be avoided. In 
carburized gears, austenite grain coarsening has been shown to diminish bending fatigue performance, and mi-
croalloying strategies are thus desired to suppress austenite grain growth in carburizing grades at elevated tempera-
ture. Particle arrays to influence the carburizing response of cold-forged gears (where additional microstructure 
restoration mechanisms may operate during heating) are also of interest, but are not addressed here.

Initial efforts by Davidson and co-workers examined the potential of TiN to pin austenite grain boundaries at 
elevated temperature.16 TiN was chosen for evaluation because it is the most stable of the common microal-
loy precipitates, and is well known to suppress austenite grain coarsening at elevated temperature. Controlled 
variations of Ti and N were made and compared to a base 8620 conventional grade containing 0.2C, 0.85Mn, 
0.013P, 0.014S, 0.23Si, 0.57Cr, 0.42Ni, 0.20Mo, and 0.027Al (in wt%). Systematic differences in TiN fractions 
and solute Ti and N levels (which influence precipitate coarsening kinetics) were observed, along with some 
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suppression of austenite grain coarsening. However, the contributions of TiN to the existing AlN effects in these 
steels were relatively small, and followup work was designed to employ further contributions from NbC. Due 
to its typically lower precipitation temperature, niobium carbide offers the potential to create a finer precipitate 
dispersion than TiN, although the particle stability and coarsening resistance are also correspondingly lower.

AlOgab et al designed a series of Ti-Nb modified 8620 steels to examine Nb contributions and thermomechani-
cal processing influences on austenite grain coarsening during pseudo-carburizing (simulative heat treatments 
in the absence of the carburizing atmosphere).17,18 The steel chemical compositions involved a 0.03Ti addition 
(approximately stoichiometric with respect to nitrogen), with Nb variations of 0.0, 0.02, 0.06, and approxi-
mately 0.1 (wt%). The alloy design strategy is detailed in another publication,17 and involved Nb increments 
up to the maximum solubility likely to be encountered during solid-state processing, i.e. during reheating prior 
to bar rolling. 

The niobium and carbon levels in the Nb added grades are shown in the solubity diagram of Figure 1. Because 
of the modest carbon levels in carburizing grades combined with the potential for high reheating temperatures, 
sometimes approaching 1300ºC, the highest Nb level selected was quite substantial. 

The solid lines parallel to the dashed line indicating a stoichiometric Nb:C ratio show that the carburizing 
grades all contain “excess carbon,” and that solute niobium levels should be very low when NbC precipitation is 
complete. Substantial differences in precipitate stability between the steels are indicated by Figure 1, whereby the 
NbC would be completely dissolved in the low Nb (0.02 wt%) steel at temperatures of about 1100ºC, whereas 
the precipitates are stable to much higher temperatures at the higher Nb levels.

Fig. 1 Niobium carbide solubility diagram showing NbC solubility isotherms at temperatures within the austenite regime. The Nb 
and C levels in the modified 8620 steels of AlOgab et al17 are shown as filled circles.

AlOgab et al characterized the precipitate dispersions and austenite grain growth behavior in detail as a function 
of composition and processing.17 The example in Figure 2 shows grain growth behavior over a range of pseudo-
carburizing temperatures for the different alloys in the hot rolled condition. 
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Fig. 2 Mean austenite grain diameter versus pseudo-carburizing time for hot-rolled Nb-modified 8620 steels along with the base 
steel (Nb-free) at different temperatures: (a) 950ºC; (b) 1000ºC; (c) 1050ºC; and (d) 1100ºC.17

The Nb-added alloys exhibit substantially finer prior-austenite microstructures at low carburizing temperatures. 
The beneficial pinning effects of NbC persist to elevated temperature for the higher Nb steels, while abnormal 
grain growth in the lower Nb steels begins as a consequence of reduced particle fractions. The 0.1Nb steel of-
fers the potential for suppression of grain growth at temperatures up to about 1050ºC, which is substantially 
higher than is typical for conventional gas carburizing treatments. Such an increase in carburizing temperature 
could enable productivity increases on the order of 40%,19 due to the increased carbon mobility in austenite 
(i.e. reduced carburizing time to achieve a given case depth) at elevated temperature. AlOgab et al also examined 
effects of thermomechanical processing history and carburizing heat treatment parameters. Significant effects of 
low-temperature finish rolling (i.e. controlled rolling) on the NbC precipitate distribution and subsequent grain 
coarsening response during carburizing were noted. While such effects are well known in flat-rolled products, 
thermomechanical processing of microalloyed austenite is less common in heat treated bar products. Figure 
3 illustrates differences in one steel between the precipitate dispersions in the hot-rolled and control-rolled  
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conditions; with quantitative analysis indicating a greater number of small NbC precipitates after controlled 
rolling.

Fig. 3 Electron micrographs from extraction replicas showing the effects of thermomechanical history on NbC precipitate distribu-
tions in as-rolled 0.06Nb steel: (a) hot-rolled, (b) control-rolled.17

Because of the promising results of this study, followup research was conducted by Thompson et al with the 
same Ti/Nb modified 8620 steels to confirm the earlier pseudo-carburizing results under processing conditions 
applicable to commercial low-pressure carburizing at different temperatures, and to examine the influence of Nb 
on the associated bending fatigue properties.20 Selected bending fatigue results (applied stress vs. cycles to failure) 
are shown in Figure 4, confirming the improved response of the higher Nb steels, due to suppression of abnor-
mal austenite grain growth during carburizing. This series of studies establishes the potential for microalloying 
to enable elevated temperature heat treating of bar and forging steels in applications sensitive to austenite grain 
growth. Similar studies are underway in other laboratories,4,5,19,21 and additional efforts are needed to establish 
the optimum array of pinning precipitates, although it appears clear that substantial quantities of niobium can 
be effective in these applications. 

Fig. 4 Comparison of experimental bending fatigue S-N curves for Ti/Nb modified 8620 steels with varying Nb additions, show-
ing increased fatigue life and endurance limits with higher Nb additions. Specimens were processed by low-pressure carburizing at 

105ºC.20 

SUMMARY

This paper has briefly outlined key microalloying strategies as they apply to bar steel grades and applications. 
Microalloying principles developed earlier for flat-rolled plate and sheet products are applicable to some bar and 
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forging applications, particularly for lower carbon grades applied in the as-rolled or as-forged condition. Con-
ventional microalloying approaches that employ precipitation and/or austenite conditioning can be considered, 
with appropriate roles for Nb, V (including nitrogen enhancement), or Ti. Direct-cooled higher carbon steels 
used in the as-forged condition rely on established concepts developed somewhat more recently, where V is a 
primary strengthener, although Nb is increasingly added in combination with V for further property enhance-
ments.22–25 These applications commonly employ non-martensitic microstructures (typically ferrite plus pearlite) 
for components such as connecting rods, pitman arms, stabilizer bars, crankshafts, wheel hubs, etc. 

In heat treated applications requiring higher strength, the level of understanding of the controlling mechanisms 
is somewhat less developed, although applications are nonetheless increasing, which employ grain refinement 
or secondary hardening mechanisms (or resistance to softening) in both through-hardened and case-carburized 
martensitic steels as well as bainitic microstructures in some instances. Carburizing grades typically employ Nb 
for grain refinement, while quenched and tempered springs and high performance bainitic crankshafts presently 
appear focused on V additions for strengthening, although Nb may also be employed for austenite refinement 
or control of the austenite transformation kinetics. Applications development has been somewhat empirical in 
nature, and there remains an opportunity to advance the fundamental metallurgical understanding of some 
microalloying responses in these steels, to enable the next generation of product improvements.
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