& METAL URGENCY: Coupling Alloy and Process Selection

There Can Be Risks Associated with Heat-
Treating Vanadium Microalloyed Steels.

By Lee M. Rothleutner

COMBINING BOTH ALLOYING AND PROCESSING
into a single strategy to achieve a desired
level of performance sounds like a simple
concept, but can be challenging to accom-
plish. The endless pursuit of cheaper, lighter
materials with reduced processing that meet
or exceed previous component performance
can be costly. Continual improvement prac-
tices often exploit incremental cost or per-
formance enhancements to stay competitive in the marketplace,
but not without risk.

One conceivable scenario could be slightly modifying the material
of an existing part to achieve slightly higher mechanical properties
and, as a result, higher perceived performance. An example increas-
ingly seen in literature is the use of vanadium microalloyed steels
in conventional heat-treated or secondary processed (e.g., induction
hardened) components. This column briefly examines some of the
benefits, as well as the drawbacks, of vanadium microalloyed steels
in such a scenario.

VANADIUM MICROALLOYED STEEL FORGINGS

One application that successfully improves cost savings through a
coupled alloying and processing strategy is direct-cooled vanadium
microalloyed steel forgings. Their improved strength and hardness
over plain carbon ferrite-pearlite steels is a result of nanometer-sized
vanadium carbides and nitrides that precipitate from austenite during
the transformation to ferrite and pearlite upon cooling. These steels
have been shown to perform comparably to quench and tempered
martensitic steels in specific applications [1]. Although not necessarily
suitable as a comprehensive replacement for quench and tempered
steels, the immense cost savings that the direct-cooling concept gains
through processing reduction by far offset the cost of the 0.1 wt. %
vanadium alloying addition required to achieve design requirements.

Since their introduction, these steels have seen use in a variety
of applications that deviate from their original direct-cooled pro-
cess design, and sometimes with mixed success. Such applications
include automotive power transmission shafts, quench and tempered
springs, and heavy section forgings for the oil and gas industry [2].
Improvements in specific performance characteristics such as tor-
sional load, torsional fatigue life, and tempering resistance have been
observed, but so have detrimental effects such as reduced toughness
and strength [2].

VANADIUM CARBIDE AND NITRIDE SOLUBILITY

Successful implementation of vanadium microalloying into any
process relies on understanding the solubility of the vanadium
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carbides and nitrides, since their existence within the micro-
structure is the reason for its improved performance. Therefore,
understanding how thermal processing can influence both pre-
cipitate size and distribution is critical in implementing vanadium
microalloying as an alloying strategy. The solubility of microalloy
carbides and nitrides is a complex subject on which entire book
chapters have been written (see Gladman [3]), so it is introduced
here only for awareness.

The derivation of a solubility product is thermodynamic; however,
because these products are determined experimentally, it is chal-
lenging to completely negate kinetic effects. As a result, solubility
products from literature are best used only as a first approximation.
For the purpose of discussion, the solubility product for vanadium
nitride (VN) in austenite is:

7070
logolV]IN] = 2.27 — — Equation 1
where vanadium (V) and nitrogen (N) are in wt.%, and solubility
temperature (T) is in Kelvin [3]. This equation can be used to
determine a great deal of information, but the simplest and most
useful value calculated from this equation is the approximate
temperature, or solubility temperature, at which a compound
may either precipitate from austenite upon cooling or dissolve in
austenite upon heating. In the case of a steel that contains 0.10
wt. % V and 70 ppm N, the associated solubility temperature is
1,030°C (1,886°F); therefore, if the steel is to be thermally pro-
cessed, doing so above the solubility temperature allows precipita-
tion upon cooling to be maximized.

PERFORMANCE OF VANADIUM MICROALLOYED
FERRITE-PEARLITE MICROSTRUCTURES

Vanadium microalloyed steels were specifically designed for appli-
cations requiring forged and direct-cooled ferrite-pearlite micro-
structures, so they also work well in the hot-rolled condition. The
data in Figure 1 indicate that there are multiple alloy strategies for
medium-carbon hotrolled steels that achieve similar properties,
including vanadium microalloying [4]. This emphasizes the point
that each process is different and needs to be fully evaluated before
implementing a change of this magnitude.

One case in which vanadium may significantly reduce the perfor-
mance of ferrite-pearlite medium-carbon steels is after a normalizing
heat treatment. Normalizing is a common heat treatment used to
refine grain size and promote a more homogenous microstructure.
Applications requiring consistent performance, as well as reduced
distortion and enhanced microstructural response during subsequent
processing, can all benefit from normalizing [5].



Figure 1: Influence of carbon (C), manganese (Mn), and vanadium (V) content on the
strength of medium-carbon hot-rolled steels [4]

Figure 2 shows the effect a normalizing heat treatment can have
on the yield strength and fatigue limit of hotrolled plain carbon
and vanadium microalloyed steels. In the hot-rolled condition, the
vanadium microalloyed steels show superior yield strength and fatigue
performance compared to plain carbon steels. After normalizing,
the plain carbon steels’ performance improves slightly, while the
vanadium microalloyed steels’ performance decreases sharply — the
reduction in their yield strength being the most notable. One hypoth-
esis for this decrease in the vanadium steel properties is that because
the normalizing temperature is below the solubility temperature,
the carbides/nitrides coarsen appreciably, making them ineffective
in precipitation strengthening the steel.

CONCLUSION

Ultimately, understanding the complete processing of the material
from steel supplier through final machining is the foundation for
optimizing properties and minimizing costs. Direct-cooled vanadium
microalloyed steels for forging applications are an excellent example of a
coupled alloy processing strategy that reduces costs without sacrificing
specific performance requirements. This article is a glimpse into the
complexities involved in selecting the best material for an application. §

Figure 2: Influence of normalizing heat treatment on the fatigue limit and yield
strength of hot-rolled plain carbon and vanadium microalloyed steels [6]
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