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High-Strength
Low-Alloy Steels

Introduction and Overview

High-strength low-alloy (HSLA) steels, or microalloyed steels, are
designed to provide better mechanical properties and/or greater resistance
to atmospheric corrosion than conventional carbon steels. They are not
considered to be alloy steels in the normal sense because they are
designed to meet specific mechanical properties rather than a chemical
composition (HSLA steels have yield strengths greater than 275 MPa, or
40 ksi). The chemical composition of a specific HSLA steel may vary for
different product thicknesses to meet mechanical property requirements.
The HSLA steels in sheet or plate form have low carbon content (0.05 to
—0.25% C) in order to produce adequate formability and weldability, and
they have manganese content up to 2.0%. Small quantities of chromium,
nickel, molybdenum, copper, nitrogen, vanadium, niobium, titanium, and
zirconium are used in various combinations.

HSLA Steel Categories. High-strength low-alloy steels include many
standard and proprietary grades designed to provide specific desirable
combinations of properties such as strength, toughness, formability, weld-
ability, and atmospheric corrosion resistance. These steels are not consid-
ered alloy steels, even though their desired properties are achieved by the
use of small alloy additions. Instead, HSLA steels are classified as a sep-
arate steel category, which is similar to as-rolled mild-carbon steel with
enhanced mechanical properties obtained by the addition of small
amounts of alloys and, perhaps, special processing techniques such as
controlled rolling and accelerated cooling methods. This separate product
recognition of HSLA steels is reflected by the fact that HSLA steels are
generally priced from the base price for carbon steels, not from the base
price for alloy steels. Moreover, HSLA steels are often sold on the basis
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of minimum mechanical properties, with the specific alloy content left to
the discretion of the steel producer.
HSLA steels can be divided into six categories:

*  Weathering steels, which contain small amounts of alloying elements
such as copper and phosphorus for improved atmospheric corrosion
resistance and solid-solution strengthening (see the article “Carbon
and Alloy Steels™).

*  Microalloyed ferrite-pearlite steels, which contain very small (gener-
ally, less than 0.10%) additions of strong carbide or carbonitride-
forming elements such as niobium, vanadium, and/or titanium for
precipitation strengthening, grain refinement, and possibly transfor-
mation temperature control

* As-rolled pearlitic steels, which may include carbon-manganese steels
but which may also have small additions of other alloying elements to
enhance strength, toughness, formability, and weldability

e Acicular ferrite (low-carbon bainite) steels, which are low-carbon
(less than 0.05% C) steels with an excellent combination of high yield
strengths, (as high as 690 MPa, or 100 ksi) weldability, formability,
and good toughness

*  Dual-phase steels, which have a microstructure of martensite dis-
persed in a ferritic matrix and provide a good combination of ductility
and high tensile strength

* Inclusion-shape-controlled steels, which provide improved ductility
and through-thickness toughness by the small additions of calcium,
zirconium, or titanium, or perhaps rare earth elements so that the
shape of the sulfide inclusions is changed from elongated stringers to
small, dispersed, almost spherical globules

These categories are not necessarily distinct groupings, as an HSLA steel
may have characteristics from more than one grouping. For example, all
the above types of steels can be inclusion shape controlled. Microalloyed
ferrite-pearlite steel may also have additional alloys for corrosion resist-
ance and solid-solution strengthening. Table 1 lists compositions of some
HSLA steels covered in ASTM specifications.

Applications of HSLA steels include oil and gas pipelines, heavy-duty
highway and off-road vehicles, construction and farm machinery, indus-
trial equipment, storage tanks, mine and railroad cars, barges and dredges,
snowmobiles, lawn mowers, and passenger car components. Bridges, off-
shore structures, power transmission towers, light poles, and building
beams and panels are additional uses of these steels.

The choice of a specific high-strength steel depends on a number of
application requirements including thickness reduction, corrosion resist-
ance, formability, and weldability. For many applications, the most impor-
tant factor in the steel selection process is the favorable strength-to-weight
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ratio of HSLA steels compared with conventional low-carbon steels. This
characteristic of HSLA steels has lead to their increased use in automobile
components. Table 2 describes mill forms, characteristics, and applica-
tions for selected HSLA steels.

Effects of Microalloying Additions

Emphasis in this section is placed on microalloyed ferrite-pearlite
steels, which use additions of alloying elements such as niobium and
vanadium to increase strength (and thereby increase load-carrying ability)
of hot-rolled steel without increasing carbon and/or manganese contents.
Extensive studies during the 1960s on the effects of niobium and vanadium
on the properties of structural-grade materials resulted in the discovery
that very small amounts of niobium and vanadium (<0.10% each)
strengthen the standard carbon-manganese steels without interfering with
subsequent processing. Carbon content thus could be reduced to improve
both weldability and toughness because the strengthening effects of nio-
bium and vanadium compensated for the reduction in strength due to the
reduction in carbon content.

The mechanical properties of microalloyed HSLA steels result, how-
ever, from more than just the mere presence of microalloying elements.
Austenite conditioning, which depends on the complex effects of alloy
design and rolling techniques, is also an important factor in the grain
refinement of hot-rolled HSLA steels. Grain refinement by austenite
conditioning with controlled rolling methods has resulted in improved
toughness and high yield strengths in the range of 345 to 620 MPa
(50 to 90 ksi). This development of controlled-rolling processes coupled
with alloy design has produced increasing yield strength levels accom-
panied by a gradual lowering of the carbon content. Many of the propri-
etary microalloyed HSLA steels have carbon contents as low as 0.06%
or even lower, yet are still able to develop yield strengths of 485 MPa
(70 ksi). The high yield strength is achieved by the combined effects of
fine grain size developed during controlled hot rolling and precipitation
strengthening that is due to the presence of vanadium, niobium, and
titanium.

The various types of microalloyed ferrite-pearlite steels include:

e  Vanadium-microalloyed steels

* Niobium-microalloyed steels

e Niobium-molybdenum steels

*  Vanadium-niobium microalloyed steels
*  Vanadium-nitrogen microalloyed steels
e Titanium-microalloyed steels

* Niobium-titanium microalloyed steels
*  Vanadium-titanium microalloyed steels
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These steels may also include other elements for improved corrosion
resistance and solid-solution strengthening, or enhanced hardenability (if
transformation products other than ferrite-pearlite are desired).

Vanadium Microalloyed Steels. The development of vanadium-
containing steels occurred shortly after the development of weathering
steels, and flat-rolled products with up to 0.10% V are widely used in the
hot-rolled condition. Vanadium-containing steels are also used in the
controlled-rolled, normalized, or quenched and tempered condition.

Vanadium contributes to strengthening by forming fine precipitate par-
ticles (5 to 100 nm in diameter) of V(CN) in ferrite during cooling after
hot rolling. These vanadium precipitates, which are not as stable as niobium
precipitates, are in solution at all normal rolling temperatures and thus are
very dependent on the cooling rate for their formation. Niobium precipi-
tates, however, are stable at higher temperatures, which is beneficial for
achieving fine-grain ferrite (see the section “Niobium Microalloyed
Steels” in this article).

The strengthening from vanadium averages between 5 and 15 MPa (0.7
and 2 ksi) per 0.01 wt% V, depending on carbon content and rate of cool-
ing from hot rolling (and thus section thickness). The cooling rate, which
is determined by the hot-rolling temperature and the section thickness,
affects the level of precipitation strengthening in a 0.15% V steel, as
shown in Fig. 1. An optimum level of precipitation strengthening occurs
at a cooling rate of about 170 °C/min (306 °F/min) (Fig. 1). At cooling
rates lower than 170 °C/min (306 °F/min), the V(CN) precipitates coarsen
and are less effective for strengthening. At higher cooling rates, more
V(CN) remains in solution, and thus a smaller fraction of V(CN) particles
precipitate and strengthening is reduced. For a given section thickness and
cooling medium, cooling rates can be increased or decreased by increas-
ing or decreasing, respectively, the temperature before cooling. Increasing

Cooling rate (from 1400 °F), °F/min
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the temperature results in larger austenite grain sizes, while decreasing the
temperature makes rolling more difficult.

Manganese content also affects the strengthening of vanadium micro-
alloyed steels. The effect of manganese on a hot-rolled vanadium steel is
shown in Table 3. The 0.9% increase in manganese content increased the
strength of the matrix by 34 MPa (5 ksi) because of solid-solution
strengthening. The precipitation strengthening by vanadium was also
enhanced because manganese lowered the austenite-to-ferrite transforma-
tion temperature, thereby resulting in a finer precipitate dispersion. This
effect of manganese on precipitation strengthening is greater than its
effect in niobium steels. However, the absolute strength in a niobium steel
with 1.2% Mn is only about 50 MPa (7 ksi) less than that of vanadium
steel but at a much lower alloy level (that is, 0.06% Nb versus 0.14% V).

The third factor affecting the strength of vanadium steels is the ferrite
grain size produced after cooling from the austenitizing temperature. Finer
ferrite grain sizes (which result in not only higher yield strengths but also
improved toughness and ductility) can be produced by either lower
austenite-to-ferrite transformation temperatures or by the formation of
finer austenite grain sizes prior to transformation. Lowering the transfor-
mation temperature, which affects the level of precipitation strengthening
as mentioned above, can be achieved by alloy additions and/or increased
cooling rates. For a given cooling rate, further refinement of ferrite grain
size is achieved by the refinement of the austenite grain size during rolling.

The austenite grain size of hot-rolled steels is determined by the
recrystallization and grain growth of austenite during rolling. Vanadium
hot-rolled steels usually undergo conventional rolling but are also pro-
duced by recrystallization controlled rolling. With conventional rolling,
vanadium steels provide moderate precipitation strengthening and rela-
tively little strengthening from grain refinement. The maximum yield
strength of conventionally hot-rolled vanadium steels with 0.25% C and
0.08% V is about 450 MPa (65 ksi). The practical limit of yield strengths
for hot-rolled vanadium-microalloyed steel is about 415 MPa (60 ksi),

Table 3 Effect of manganese content on the
precipitation strengthening of a vanadium-
microalloyed steel with a base composition
of 0.08% C and 0.30% Si

Yield Change in yield
strength strength
Vanadium content, % MPa ksi MPa ksi

0.3% Mn

43 0 0
51 55 8
55 83 12
48 0 0
67 131 19

80 221 32
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even when controlled rolling techniques are used. Vanadium steels sub-
jected to recrystallization controlled rolling require a titanium addition
so that a fine precipitate of TiN is formed that restricts austenite grain
growth after recrystallization. Yield strengths from conventional con-
trolled rolling are limited to a practical limit of about 415 MPa (60 ksi)
because of the lack of retardation of recrystallization. When both
strength and impact toughness are important factors, controlled-rolled
low-carbon niobium steel (such as X-60 hydrogen-induced cracking
resistant plate) is preferable.

Niobium Microalloyed Steels. Like vanadium, niobium increases
yield strength by precipitation hardening; the magnitude of the increase
depends on the size and amount of precipitated niobium carbides (Fig. 2).
However, niobium is also a more effective grain refiner than vanadium.
Thus, the combined effect of precipitation strengthening and ferrite grain
refinement makes niobium a more effective strengthening agent than
vanadium. The usual niobium addition is 0.02 to 0.04%, which is about
one-third the optimum vanadium addition.

Strengthening by niobium is 35 to 40 MPa (5 to 6 ksi) per 0.01% addi-
tion. This strengthening was accompanied by a considerable impairment
of notch toughness until special rolling procedures were developed and
carbon contents were lowered to avoid formation of upper bainite. In gen-
eral, high finishing temperatures and light deformation passes should be
avoided with niobium steels because that may result in mixed grain sizes
or Widmanstitten ferrite, which impair toughness.

Niobium steels are produced by controlled rolling, recrystallization con-
trolled rolling, accelerating cooling, and direct quenching. The recrystal-
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Fig. 2 Effect of niobium carbide on yield strength for various sizes of niobium
carbide particles
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