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ABSTRACT

Microalloying elements can be differentiated from classic
alloying elements in the steel not only by their relatively low con-
centration but also by their effects. They bind tramp elements and
form second phases in the matrix., In this sense the metals alumi-
nium, niobium, titanium, vanadium and zirconium are discussed,
There are three non-metals, boron, phosphorus and tellurium, which
alter the steel properties by means of other mechanisms, but could
still be included among the microalloying elements.

The microalloying metals are characterized by the limited solu-
bility of their compounds with oxygen, sulfur, nitrogen and carbon,
Effective binding of these elements and the deliberate use of disso-
lution and precipitation processes thus becomes possible. in parti-
cular in connection with hot forming and heat treatment,

The microstructural effects of precipitate dispersions and sulfide
shape control influence production processes and also material pro-
perties by affecting hot formability, the kinetics of recrystallisation,
austenite transformation, grain refinement, precipitation hardening,
texture formation, aging behaviour and cold formability,

Short descriptions are given of the special characteristics of each
individual microalloying element, Alumium, for example, is charac-
terized by its dual function as a deoxidizer and nitride former. Nio-
bium is the most effective element with regard to grain refinement
and precipitation hardening, Titanium is almost as effective but can
also be used for very stable nitrogen binding and sulfide shape control,
Vanadium is characterized by its greater solubility and correspon-
ding flexibility. Zirconium binds nitrogen and sulfur without pro-
ducing fine dispersions. Of the three non-metals, boron increases
hardenability, and phosphorus the ferrite matrix strength in sheet
steel. Tellurium can reduce sulfide elongation during hot rolling.

A further positive development of the microalloying elements
could be assured if problems connected with the alloying and casting
operations, the optimization of alloy combinations, the obtainment
of more data on steel properties, and the development of new steel
grades and products could be solved to the advantage of micro-
alloying,
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INTRODUCTION

Microalloying-elements, as their name suggests, are used in
small concentrations in steel. Therefore, only minor quantities
are necessary for the production of steel, This can be illustrated
through a comparison with the classical alloying element chromium,
More than two million tons of chromium are produced per year,
while the production of all microalloying elements together is less
than one-tenth of this amount, But since these elements have be-
come very important as a result of the strong influence that they
exert in steel, it is quite justified that a general survey on all
aspects of these alloying elements should be given here, which
includes not only their specific characteristics but also their
common aspects,

CLASSIFICATION OF ALLOYING ELEMENTS

There has so far been no unequivocal definition of the term
"microalloying elements', It is therefore practical to discuss the
characteristics of microalloying elements and differentiate them
from other alloying and treatment elements.

Steel is an iron matrix in which foreign atoms are either sub-
stitutionally or interstitially dissolved and in which second phases
are embedded. The elements accompanying the iron and the second
phases can have either a detrimental or a beneficial effect on the
properties of the final product. Alloying elements are those
elements which are added to the steel with the objective of altering
certain properties in a desired direction, This can be achieved
by changing the matrix, by binding detrimental tramp elements
into less harmful or even useful compounds, or by producing
additional second phases. A characteristic of alloying elements is
that a precisely predetermined percentage and the obtainment of the
highest possible yield is sought. Specific elements are also used in
steel production to purify the liquid steel of undesired tramp ele-
ments such as oxygen and sulfur. The aim of a treatment of this
sort is to deoxidize or desulfurize the steel as completely as
possible. A particular characteristic of such treatments is the
obtainment of the highest possible treatment-metal utilization to
eliminate the reaction product so that only a low residual centent
is left in the solidified steel. An excessive alloy content of tliese
elements is generally undesirable. These elements, which include
calcium and rare-earth metals, should not be regarded as alloying
elements and will not be discussed in detail in this paper. One
exception is aluminium, which is not only the most important



treatment element as deoxidiser but is also indispensable as a
microalloying element,

Microalloying elements could be differentiated from the other
alloying elements in the steel simply by means of the alloy content,
which could be given as ranging from 10 -3 to0 10 -1 %. The upper
limit of the concentration would then correspond to a few tenths of
a percent, This is also approximately the lower limit for the classic
alloying elements, /i less formal, yet functional differentiation can
be made between microalloying elements and classic alloying
elements when their effects are considered. Whereas the micro-
alloying elements are effective through their binding of tramp
elements or as second phase precipitates in the iron matrix, the
classic alloying elements alter the steel properties mainly by
changing the steel’s matrix. The very intensive effect of micro-
alloying elements becomes clear when one realizes that the desired
effects are achieved by using just one alloying atom among 1000
iron atoms. In the case of boron the ratio is even as low as
1 :20.000. In contrast, the atomic ratios of the classic alloying
elements contained in the steel matrix range from 1 : 100to 1 : 5,
By differentiating in this way it would be possible to name eight
microalloying elements, i, e. the metals aluminium, niobium,
titanium, vanadium and zirconium and the non-metals boron,
phosphorus and tellurium, This group of greatly differing elements
cannot, however, be termed as ''microalloying elements' in the
conventional sense of the word. Also, this differentiation should
not be understood as a new definition, otherwise all aluminium-
killed steels, for example, would have to be classified as '"'micro-
alloyed'. In this paper, these eight elements will nevertheless be
included in the classification of ''microalloying elements'., It should
not go unmentioned that many of these elements are also used in
certain steel grades in larger concentrations as ''classic'' alloying
elements.

The search for the microalloying elements and the optimization
of their application came about for different reasons: saving of
expensive alloying elements, avoidance of supply bottle-necks and
above all, improvement of steel properties. Fig. 1 shows the
history of the application of microalloying elements in structural
steels. The precise date of their introduction is not easy to give.

It does, however, become clear that during the past 40 years or

so the spectrum of microalloying elements has become very broad.
As a complement, two important agents used for deoxidation and
desulfurization are also shown, namely calcium and rare-earth
metals. Even though the histories of the application of these eight
microalloying elements are not uniform and quite varying quantities
of the elements are nowadays added, all of the aforementioned
elements are regularly used in the production of steel.



GENERAL SURVEY OF THE MICROALLOYING ELEMENTS

The non-metals boron, phosphorus and tellurium each have a
specific and well differentiated function as alloying elements in the
various steel grades. But the microalloying metals have in contrast
to the non-metals many common properties, which can be under-
stood from their proximity to one another within the periodic table
of elements (Fig. 2). Each metal shows, in common with its
neighbours, a marked tendency to form carbides and nitrides, They
are, however, differentiated by their ability to cause precipitation
hardening through these compounds. Only the metals titanium,
vanadium and niobium are able to do this.

The metals aluminium, titanium and zirconium show a great
affinity to oxygen, with the two latter metals also showing a great
affinity to sulfur. Of particular importance is the use of micro-
alloying elements to bind nitrogen and carbon. Apart from very
stable compounds such as TiN and ZrN, which are practically
insoluble in the solid phase, there are those which are of limited
solubility. Fig. 3 shows the solubility isotherm at 1000°C for the
most important of these combinations (1). It can be seen that the
compounds are located in the region about the solubility limit when
usual percentages of carbon or nitrogen and of an alloying metal
are present. Heat treatment, in particular in combination with hot
forming, can be used to control the process of dissolving and pre-
cipitating the compounds in such a way that the steel structure and
mechanical properties are decisively altered. Aluminium can also
drastically influence the steel's properties by way of nitride for-
mation, even if precipitation hardening does not result through AIN,
The effect produced by zirconium is based on the very stable bin-
ding of nitrogen and also, when its content is sufficiently high, on
additional sulfide shape control,

In the following, a general picture will be given of the microstruc-
tural effects of the microalloying elements and also of the macros -
copic effects on the steel properties, The mechanisms and property
changes can here only be described in a general and qualitative way
since in a particular case the characteristics of a microalloying
element, its alloy content, the basic composition and the treatment
of the steel would have to be taken into consideration. The literature
contains a great abundance of data in this connection (2...5).

Microscopic effects of the microalloying elements

The influence that the microalloying elements have on the steels
microstructure is attributable to a few basic processes which are
caused by the alloying elements in a dissolved form or in a preci-
pitated condition, If the microalloying elements are in solid solu-
tion, they bring about a reduction in the thermodynamic activity of



the carbon and nitrogen atoms through their strong affinity to the
metalloids. They also retard all diffusion processes in the iron

matrix,

The most important property of the metallic microalloying
elements is their tendency to form carbides and nitrides, as already
mentioned, The formation of precipitates and their effects on the
macroscopic properties thus play a dominant role, as illustrated
in Fig. 4, which shows the effects of the microalloying elements.
The compounds are all of an identical structural type and are
characterized by the chemical composition MX., M represents
various metals because of the isomorphism of the compounds, and
the metalloid X can represent both carbon and nitrogen (6). One
characteristic of the compounds is their very high hardness, Dis-
locations can therefore only penetrate such precipitates if they have
extremely small dimensions.

The size, arrangement, and, above all, effects of the precipi-
tates vary considerably, depending on the time and the temperature
of their formation, Fig, 5 shows the broad spectrum of differing
forms of precipitates., Whereas coarse precipitates of the type MX,
which can also be seen as inclusions, do not exert any notable
influence on the mechanical properties, the specific effect of the
precipitates increases as the dispersion becomes finer. The car-
conitrides, which are predominantly precipitated on the boundaries
of grains, sub-grains and twins, cause within the austenite tempe-
rature range a blockage of the microstructure and promote the
nucleation of transformation processes. Dislocations caused by hot
deformation considerably accelerate the precipitation process in
the austenite (7). The C-curve, which is characteristic of pre-
cipitation kinetics, is thus strongly shifted towards shorter times.
The very low degree of solubility in the ferrite leads to accelerated
precipitation within this temperature range. Considerable super-
cooling and favourable nucleation conditions produce very finely
dispersed precipitates in the ferrite, Coherency stresses and the
prevention of dislocation movement by such fine precipitates and
clusters are the cause of a high degree of precipitation hardening.

Three of the microalloying elements influence the shape of the
sulfides in the steel (Fig. 6). While titanium and zirconium greatly
strengthen the sulfide phase as a result of the sulfur binding in the
carbosulfides of the type M4CoSg, alloying of the manganese sul-
fides with tellurium makes the inclusions less formable. Boron only
forms fine nitride precipitations if the nitrogen is not combined
with stronger nitride forming elements. Boron-nitride formation is
undesirable, if the purpose of boron is the retardation of the aus-
tenite transformation,



Macroscopic effects of microalloying elements

The effects of the microalloying elements on steel properties
are very varied, depending on the different states of dissolution
and precipitation. Some important effects are listed and evaluated
in Fig. 4. A short explanation of these effects is based on the
sequence of properties that occurs as the temperature decreases.

Tt is for this reason that the properties, which are important for
the processing of the steel, are discussed first, followed by the
material properties, which are important for the end product.

Dissolved microalloying elements can bring about an increase
in the hot strength of the austenite, though only a small one. This,
however, is hardly of importance during hot forming. The preci-
pitation of carbides or nitrides on austenite grain boundaries can,
especially within the lower temperature range of the austenite zone,
cause intercrystalline failure and thus considerable deterioration
in the hot formability if the strain rate is low, for example, when
a cast strand is subjected to bending (8...10). Fig. 7 shows a
schematic diagram of how, in particular, aluminium and niobium
can contribute to a weakening of the austenite grain boundaries. A
small addition of titanium can partially reverse this process by
stable binding the nitrogen in the steel.

One of the most important effects caused by the microalloying
elements is the retardation of recrystallization during hot forming
(7). Fig. 8 shows schematically that the effect is not caused so
much by the dissolved metal atoms but rather by fine strain-induced
carbonitride precipitates. Niobium raises the recrystallization
threshold to a particularly high level, whereas titanium only shows
a similar effect when relatively high alloy contents are involved. In
contrast, vanadium produces only a mild retardation of recrystalli-
zation (11...13)., Fig. 9 shows the effect of the three microalloying
elements. Under normal hot forming conditions recrystallization
takes place in the area above each of the curves, while below the
curves recrystallization is prevented.

The influence of the microalloying elements on the transforma-
tion is particularly dependent on their state in the austenite, Where-
as dissolved atoms cause austenite transformation to decelerate,
fine precipitates can produce an acceleration through the nucle-
ation effect, Fig. 10 illustrates this effect in a niobium-alloyed
steel which, compared with an unalloyed steel, shows accelerated
or retarded ferrite formation, depending on whether niobium is
precipitated or dissolved.

The prevention of recrystallization in microalloyed steels leads
to the obtainment, during subsequent cooling, of a deformed, not
yet recrystallized austenite prior to transformation., The high
dislocation density in the austenite causes a considerable increase
in the transformation temperature. The strain-induced precipitation
of the microalloying elements also contributes to this effect.



Fig. 11 shows that, as the deformation temperature decreases,
it is possible to raise the ferrite formation start by more than
1000 C (14). In spite of a very high solution temperature, the trans-
formation temperature then corresponds to that typlcal for a
normalizing treatment.

The ferrite formation resulting from a deformed austenite leads
to a considerable degree of grain refinement, Among the precipi-
tating microalloying elements, this is particularly pronounced in
the case of niobium and least pronounced in the case of vanadium.,
Grain refinement increases the yield strength and improves the
brittle fracture transition temperature. Precipitation hardening can
take place in the ferrite in a temperature range about 600° C, there-
by producing a further increase in yield strength, but this influences
the brittle fracture transition temperature unfavourably, Fig, 12
illustrates these relations in schematic form for the three micro-
alloying elements niobium, titanium and vanadium (6). The contri-
bution of grain refinement and precipitation hardening to the total
yield-strength increase and to the effects upon the transition tempe-
rature can be broadly influenced by the choice of deformation
temperature since a decrease in the final deformation temperature
encourages the grain refinement and reduces the precipitation har-
dening potential,

The precipitation of microalloying elements can be used to
advantage not only in conjunction with thermo-mechanical treatment
but also with conventional heat treatments. Examples of this are
grain refinement after normalizing, and precipitation hardening
after quenching and tempering,

A particular feature of many microalloyed steels is the develop-
ment of a specific ferrite crystal texture that is dependent upon the
thermal history of the final product. Fig. 13 shows the textures
that occur in the case of hot or cold-rolled products and the effects
on the mechanical properties. In the case of thermomechanically
treated plate or strip the transformation from deformed austenite
produces a texture that shows pronounced yield strength anisotropy.
The increase in yield strength measured in the transverse direction,
compared with the longitudinal yield strength, can, under certain
conditions, be used as a means of texture strengthening. In cold-
rolled and annealed sheet, textures can develop that are charac-
terized by a ''cube-on-corner'' orientation. The deep drawability
of the sheet is improved by this texture as a result of the high r,
value. The conditions for such textures are particularly favourable
in steels with titanium or niobium contents which are over-stoichio-
metric compared with the carbon and nitrogen contents.

The metals included among the microalloying elements are, as
a result of their nitrogen binding tendency, able to extensively reduce
or eliminate the susceptibility of steel to aging,

The precipitation of titanium nitrides can be controlled to form
a very fine dispersion of nevertheless stable precipitates so that the
grain growth in the upper austenite range is inhibited (15). Structural



Fig. 11 shows that, as the deformation temperature decreases,
it is possible to raise the ferrite formation start by more than
1000 C (14). In spite of a very high solution temperature, the trans-
formation temperature then corresponds to that typical for a
normalizing treatment. :

The ferrite formation resulting from a deformed austenite leads
to a considerable degree of grain refinement. Among the precipi-
tating microalloying elements, this is particularly pronounced in
the case of niobium and least pronounced in the case of vanadium.
Grain refinement increases the yield strength and improves the
brittle fracture transition temperature. Precipitation hardening can
take place in the ferrite in a temperature range about 600° C, there-
by producing a further increase in yield strength, but this influences
the brittle fracture transition temperature unfavourably, Fig, 12
illustrates these relations in schematic form for the three micro-
alloying elements niobium, titanium and vanadium (6). The contri-
bution of grain refinement and precipitation hardening to the total
yield-strength increase and to the effects upon the transition tempe-
rature can be broadly influenced by the choice of deformation
temperature since a decrease in the final deformation temperature
encourages the grain refinement and reduces the precipitation har-
dening potential,

The precipitation of microalloying elements can be used to
advantage not only in conjunction with thermo-mechanical treatment
but also with conventional heat treatments. Examples of this are
grain refinement after normalizing, and precipitation hardening
after quenching and tempering.

A particular feature of many microalloyed steels is the develop-
ment of a specific ferrite crystal texture that is dependent upon the
thermal history of the final product. Fig, 13 shows the textures
that occur in the case of hot or cold-rolled products and the effects
on the mechanical properties, In the case of thermomechanically
treated plate or strip the transformation from deformed austenite
produces a texture that shows pronounced yield strength anisotropy.
The increase in yield strength measured in the transverse direction,
compared with the longitudinal yield strength, can, under certain
conditions, be used as a means of texture strengthening, In cold-
rolled and annealed sheet, textures can develop that are charac-
terized by a "'cube-on-corner' orientation. The deep drawability
of the sheet is improved by this texture as a result of the high rq,
value., The conditions for such textures are particularly favourable
in steels with titanium or niobium contents which are over-stoichio-
metric compared with the carbon and nitrogen contents.

The metals included among the microalloying elements are, as
a result of their nitrogen binding tendency, able to extensively reduce
or eliminate the susceptibility of steel to aging.

The precipitation of titanium nitrides can be controlled to form
a very fine dispersion of nevertheless stable precipitates so that the
grain growth in the upper austenite range is inhibited (15). Structural



steels containing such titanium nitride dispersion can be welded
using a high heat input, without an undesirably large grain size
being obtained in the heat-affected zone (Fig. 14).

In steel sheet for cold forming, an extremely soft condition can
be achieved, which improves the formability, by adding a percen-
tage of microalloying elements that is overstoichiometrical in
respect to the carbon and nitrogen contained in the steel (6). The
condition of this ferrite, which is free of interstitially dissolved
atoms, is called "interstitial-free'' and is characterized by the
absence of a pronounced yield point, by resistance to aging, by a
high plastic anisotropy and by a considerable strain hardening
potential,

The already mentioned possibility of sulfide shape control,
which can be achieved by using the elements titanium, zirconium
or tellurium, macroscopically reduces the anisotropy of toughness
properties which is typical of many flat rolled structural steels (2).
The characteristic values for elongation, reduction of area and
notch toughness transverse to the main rolling direction, can be
approximated to the respective longitudinal values by means of
sulfide shape control. It is also thus possible, in the case of plate
intended for use in highly stressed structures, to increase the
resistance to lamellar tearing that occurs due to tensile stresses
in through-thickness direction. Fig. 15 shows schematically the
possibilities for improving the toughness parameters, This includes
sulfide shape control, a combination of sulfide shape control and
additional desulfurization, and desulfurization only. It can be seen
that the joint effect of desulfurization and sulfide shape control, as
optimally achieved when using calcium, improves the mechanical
properties most effectively.

SPECIAL CHARACTERISTICS OF THE INDIVIDUAL MICRO -
ALLOYING ELEMENTS

A description is given in the following of the microalloying
elements® special characteristics and main applications, The
metals are first of all discussed, followed by the non-metals.

Aluminium (16)

Of the elements under discussion here, aluminium is the only
one that is used both as a deoxidizing agent and as a microalloying
element., The grades usually designated as special-killed or alu-
minium-killed steels generally contain at least 0. 020 % metallic
aluminium, This aluminium, designated as Al soluble, is used as
a microalloying element to bind the nitrogen contained in the steel.



After solidification of the steel, the reduced solubility within
the austenite temperature range causes aluminium nitride pre-
cipitation to occur. Finely dispersed aluminium nitrides impede
the grain growth in the austenite. During the y/ec-transformation
they act as nuclei and in this way accelerate the austenite trans-
formation., The hardenability of a steel containing aluminium is
thus reduced when compared with an aluminium-free steel of
identical basic composition, The most important effect of the alu-
minium nitrides is the ferrite grain refinement and the achieve-
ment of aging resistance. The last mentioned properties are very
important quality characteristics for weldable structural steels,

The controlled precipitation of aluminium nitrides in cold-
rolled sheet produces a favourable texture that improves the deep
drawability of the sheet by means of increased plastic anisotropy
(r-value). A distinguishing feature, when studied microscopically,
of correctly controlled recrystallization annealing is the formation
of a pancake ferrite structure,

Niobium (17)

The outstanding characteristic of niobium, and the decisive one
with regard to the element's application, is the interplay of dissolu-
tion and precipitation of niobium carbonitrides that takes place
during the hot forming and heat treatment of steel. Very low niobium
contents - one niobium atom to 10, 000 iron atoms - have a very
great effect due to their very fine dispersion. The thermomechanical
treatment of niobium-alloyed steels produces a very small grain
size and causes precipitation hardening of the ferrite. The strong
retardation of recrystallization during hot forming, however, re-
quires a considerable increase in the rolling force within the lower
hot forming temperature range,

Niobium carbonitrides in the austenite are able to retard the
grain growth, As the niobium content increases, so does the
limiting temperature for the grain growth also increase. In norma-
lized steels the carbonitride precipitates cause the formation of
fine-grained ferrite, but no significant precipitation hardening
takes place,

The strengthening effect of niobium in cold-rolled and recry-
stallization-annealed sheet is clearly smaller than in hot-rolled
products because of the c'oarsening of the prcipitates caused by
annealing, If the niobium content in the steel is overstoichiometric
in respect to the carbon and nitrogen contents, an "interstitial-free"
steel is obtained which is characterized by its extraordinarily good
forming properties.



Titanium (18)

Because of the thermodynamical and physical similarity of
titanium carbide to niobium carbonitride, the behaviour of these
two microalloying elements in structural steels is to a great extent
identical. The specific effectiveness of titanium, expressed in
terms of atom percentages, is, however, only one-tenth as great
as that of niobium, However, since no flattening of the concentra-
tion influence but rather a proportional strengthening occurs,
titanium can also be used to obtain very considerable strength
increases, The relation of precipitation hardening to grain refine-
ment hardening is higher in the case of titanium. It is possible to
take advantage of the sluggish recrystallization of titaniumalloyed
steels used for cold-rolled sheet to produce partially recrystallized
sheet with a correspondingly high strength (19).

Its very great affinity to nitrogen brings about a stable nitrogen
binding at high temperatures. This improves the hot formability at
low rates of deformation., A stable titanium nitride dispersion can
be used to improve the properties within the heat-affected zone of
welded joints where a high heat input is applied (see also Fig. 14).
Even small contents of titanium make the steel largely ageresistant,

Titanium's tendency to form compounds with sulfur can be used
for sulfide shape control. Complete binding of the sulfur in carbo-
sulfides of the type Ti4C 259, however, requires an adjustment of
the sulfur, manganese and titanium contents,

The strong deoxidizing effect of titanium also involves the risk
of unwanted titanium fade during the casting of the steel. This is
a reason for certain property scattering.

Vanadium (20)

Vanadium is more soluble in steel than the already mentioned
microalloying metals, Since the nitride is less soluble than the
carbide, the dissolution and precipitation behaviour of vanadium
can be broadly controlled by correspondingly adjusting the steells
basic composition, above all by increasing the nitrogen content
(21, 22), In general, however, the effect of the vanadium precipitates
is less than that of niobium and titanium precipitates. The mild re-
tardation of recrystallization, on the other hand, has hardly any effect
on the required rolling forces during hot forming,

In low-carbon weldable steels, vanadium is generally in solid
solution, even within the lower austenite temperature range. In this
state, vanadium retards the transformation process, and for this
reason it is also taken into account in the various carbon equivalent
formulae., Vanadium®s relatively high solubility, on the other hand,
may be advantageous because it can cause precipitation hardening
even after normalizing treatment, The strength can also be increased
in quenched and tempered steels containing medium



carbon percentages by means of vanadium carbide dissolution and
precipitation. A typical example of this is the use of 49 MnVS 3
steel for forged car crank-shafts (23).

Zirconium (24)

Zirconium is used as a microalloying element to bind the nitro-
gen and/or as a means of sulfide shape control, The zirconium
nitrides are relatively coarse inclusions and do not exert any
influence on the mechanical properties of the steel. Other micro-
alloying elements which require nitrogen to achieve precipitation,
such as aluminium and vanadium, should therefore not be combined
with zirconium., Normalizing an aluminium-killed steel containing
zirconium coarsens the ferrite structure because no finely dis-
persed AIN particles are able to form, This function can, however,
be accomplished by NbC or TiC. Similar to titanium, zirconium
forms carbo-sulfides if the alloy surplus is larger than the quantity
required for nitrogen fixation. The great affinity of zirconium to
oxygen makes its use in the steelmaking shop problematical.

Boron (25)

Boron is characterized by the extreme retarding effect that it
has on the austenite transformation into ferrite. By using just a
few ppm the beginning of the ferrite transformation can be consi-
derably retarded. Boron is therefore used to improve the hardena-
bility of quenched and tempered steels. Its effect, which increases
as the carbon content decreases, is nowadays also used to obtain
a bainitic structure in low-carbon weldable structural steels,

Since nitrogen binding induced by boron would eliminate the
effect on the transformation process, boron has to be prevented
from forming nitrides. It is for this reason that in boron-alloyed
steels the nitrogen is effectively bound to zirconium or titanium,

Nitrogen binding using boron can, under special conditions, be
advantageous when applied in the case of cold-rolled sheet,

Phosphorus (26)

Phosphorus is regarded as an undesirable tramp element in
structural steel, In the case of cold-rolled sheet, however, use can
be made of the considerable increase in strength that is caused by the
dissolved phosphorus in the ferrite., In order to limit phosphorus-
induced embrittlement the alloy content is generally adjusted to below
0.1 %. Phosphorus tends to cause considerable segregations during
solidification which can appear as shadow lines in the cold-rolled
sheet.



Tellurium (27)

Tellurium can be used as an alloying element for the manganese
sulfides. Because it is related to sulfur it is incorporated in the
sulfides as a solid solution forming agent., It also surrounds MnS
as MnTe which may have a "lubricating' effect during deformation,
Its content has to be adjusted to that of the sulfur and is confined
to the range below 50 ppm.

USE OF THE MICROALLOYING ELEMENTS

Microalloying elements are nowadays used for such a broad
range of applications that it is here only possible to list the steel
grades and products. The most important ones are undoubtedly the
high-strength, weldable structural steels which are used in a norma-
lized, thermomechanically treated or quenched and tempered con-
dition, Thermomechanical treatment or rolling at controlled
temperatures is primarily applied in the case of plate and hot-
rolled strip. Microalloying elements are also used to increase the
strength of sectional steel and merchant bars, and in particular of
reinfarcement bar steel, Higher-strength sheet made from steels
microalloyed with niobium, titanium, vanadium or phosphorus is
used for automobile construction. Use can be also made of the grain
refining or precipitation hardening effect of microalloying elements
in the manufacture of high-strength forgings or castings. The wel-
ding filler metal properties are important when performing welding
operations on steel, Here also, microalloying elements such as
niobium, titanium and boron are applied to advantage because of their
effect on the transformation behaviour.

When using microalloying elements in the steelmaking shop,
special aspects have to be taken into consideration because of the
elements' thermodynamic and physical properties. The great affinity
of some of them to oxygen should, above all, be mentioned here
because it can lead to unwanted losses, in particular in the case of
prolonged casting times. The introduction of continuous casting re-
quires that the application of the microalloying elements be made
compatible with this new technology. Here also, undesirable oxidation
can cause difficulties during casting, Among the microalloying ele-
ments there is a toxic element, tellurium, which has a relatively
high vapour pressure at liquid steel temperatures. The resultant
problems have to be taken into account when using tellurium,

The problems mentioned here can be of importance in particular
cases, They have not, however, impaired the successful and ever
increasing application of microalloying elements. The broad range
of applications for which microalloying elements are used can be
illustrated by means of one example, The number of works-internal
steel grades containing niobium, titanium or vanadium produced in
a large steel mill that concentrates on flat-rolled steel, yet also
produces a broad range of sections, bars and rails, is approx, 500,



FUTURE DEVELOPMENT AND TASKS

In spite of the successful development of microalloyed steels,
both metallurgically and economically, some tasks can be formu-
lated for the future whose solution would help further develop the
application of microalloying elements.

- In the past, microalloying elements were mostly used singly or,
as in the case of high-strength steels used for line pipes, in com-
bination of two., New element combinations have to be found and
optimized. At the same time the property spectrum of the specific
elements has to be taken into account, Fig., 16 shows an example
of the complex use of various microalloying elements in one steel.
In order to obtain a minimum yield strength of 700 N/mm?2 in
thermomechanically treated hot-rolled strip, the elements boron,
niobium and titanium were combined with a thermomechanical
treatment and the classic alloying elements manganese and molyb-
denum in such a way that it was possible to advantageously use all
the familiar strengthening mechnisms. The various possibilities
for combining the different microalloying elements and also for
combining them with other alloying elements are far from exhausted.

- Special consideration should also be given to the use of higher
cooling rates in connection with hot forming processes. Cooling
water could thus be included as an effective ''alloying element"
among the range of other alloying possibilities.

- The discovery of new microalloying elements is not very probable
in view of the conditions prevailing in the periodic table of elements,
Nevertheless, the effects of other elements on the steel properties
should be examined from this point of view, At the same time,
however, the questions concerning alloy costs and availability
should not be left unconsidered.

- The use of microalloying elements could certainly be improved if
more complete basic data were available on the elements’ mode
of action. There is still a great deal of quantitative data to be
determined within the multidimensional space made up by the com-
plex reaction mechanisms, the possibilities of mechanical and
thermal treatment, and the variation of the steel's basic compo-
sition, This data could create the prerequisites for a ''quantitative
microstructural control' in steel development, ‘

- New areas of application for microalloyed steels could be opened
up if, in addition to the classic material properties such as strength
and toughness, more data were available on important secondary
properties. Such properties include, for example, fatigue resistance,
resistance to abrasion and corrosion, and in particular resistance
to stress corrosion cracking. One should aim at a practical combi-
nation of basic and application-related research in this work.

- The progress that is made in these fields should make it possible
for microalloyed steels to be also used for those grades and pro-




ducts where microalloying elements have not yet been applied. They
should have advantageous property combinations and be relatively
low in cost. For important applications in steel constructions that
are subject to particular regulations an approval would also have

to be obtained,

- Last but not least, the application of microalloying elements in the
steelmaking shop would be made easier, the yield improved and the
scatter of properties restricted if it were possible to solve the
problems that still exist during alloying and casting.

It is certainly a realistic assessment to say that the future of
microalloyed steels and thus that of the production of microalloying
elements will develop positively if the described tasks are accepted
as a challenge and are accomplished through the joint cooperation of
the ferro-alloy producers, the steel producers and the steel consu-
mers.

CONCLUSIONS

Microalloying elements in steel are characterized by their re-
latively low concentrations. They generally bind the steel's tramp
elements into stable inclusions or into finely dispersed precipitates.
As such elements one could name the metals aluminium, niobium,
titanium, vanadium and zirconium. The non-metals boron, phospho-
rus and tellurium can also be used as microalloying elements to bring
about transformation retardation, ferrite strengthening and sulfide
shape control,

The presence of dissolved elements and in particular the preci-
pitation of particles within a broad temperature range extending from
the solidification temperature to austenite and ferrite influence sig-
nificantly the steel properties by means of different microstructural
mechanisms., On the one hand, this is used to improve the material
properties. On the other hand, certain effects which are caused by
the microalloying elements also have to be taken into account during
steel production in the steelmaking shop, in the hot rolling mill and
during heat treatment,

Microalloyed steels, which were first used for the large family
of high-strength, weldable structural steels, include at present a
great number of other steel grades and products and could be used
even more extensively if certain objectives connected with steel
production, material properties and applications were reached.
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