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Abstract

In the early 1960's, the forerunners of the current microalloyed steels
were being studied and fairly well understood, (1-4) and the first conference
devoted to these materials was held in Harrogate, England, in 1963 ®&. The
present paper reviews some of the metallurgical developments which have taken
place since then in the alloy design, processing and application of these
steels. Particular emphasis has been placed on the basic metallurgical
principles which apply to these steels, for it is the application of these
principles which allows the composition - processing - microstructure -
mechanical property relationships to be rationalized and exploited. The
application of basic metallurgical principles has resulted in a predictive
capability which has lead to alterations in composition and processing for
the purpose of producing steels with superior mechanical properties and
improved overall performance.
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Introduction

Within the last few decades, the construction, energy and transportation
industries have created a demand for economical, high-tonnage steels with
continually improved mechanical properties. Candidate steels were expected
to be stronger, tougher, more formable, more weldable, while not being appre-
ciably more expensive than the C-Mn steels they were to supercede. The
world-wide steel industry met this demand with the development of a complete
family of high-strength, low—alloy steels (HSLA) to be used in the hot-
rolled, cold-rolled or heat-treated condition.

The multitude of alloying concepts and processing methods documented in
the literature for each application, which cannot be described here in
detail, is impressive proof of the adaptability and versatility of steel.

The different applications and technology of production of niobium-containing
steels are described elsewhere in this volume; thus the present paper will
merely review the physical metallurgical principles in widespread use. The
paper confines discussion to HSLA (microalloyed) steels and does not attempt
to cover usage of niobium as a carbide stabilizer in stainless or other
highly alloyed steels since these aspects are discussed in context in the
relevant papers in this volume.

A microalloying addition to steels is generally regarded as being less
than O percent and usually refers to deliberate additions of niobium,
vanadium or titanium to mild steel compositions. The steels may be fully or
partially deoxidized depending on the application and thus they represent
relatively simple yet dramatic extensions of the mild steels that they re-
place. Carbon contents vary widely, usually in the range 0.2 to 0.25
percent, although there are notable exceptions in reinforcing bar (up to
0.45% ¢) and rail steel (up to 0.55% C).

The general trend in structural steels has been to decrease the carbon
content and increase the microalloying level in order to obtain high strengths
while maintaining good toughness and weldability. Manganese contents range
from 0,10 to 02 percent in hot-rolled and cold-rolled sheet steels to as
high as 20 percent or greater in thick plates.

3ome elements such as Cu, Ni, Cr and Mo may be present at residual levels
or as a result of deliberate additions intended to control austenite decompo-—
sition and recrystallization kinetics and to optimize solution and precipita-
tion characteristics of microalloy carbonitrides. Aluminum, boron, oxygen,
sulfur and nitrogen have important effects on microalloy steels but are not
referred to as microalloying elements even though they may be added deliber-
ately.

The relationships that exist among composition, processing, microstruc-
ture and mechanical properties in these microalloyed steels have been exten-
sively studied in the last decade and much of this work has been presented at
several excellent conferences (6-13). It has been appreciated for some time
that certain metallurgical characteristics are critical to the microstruc-
ture/mechanical property relationships exhibited by the steels. These
include:

Size and shape of grains of the transformation product,
Precipitate size and volume fracture,

Dislocation density,

Non-metallic inclusion volume fraction and shape,
Cementite content and distribution, and

Texture.
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It should be noted at the normal levels of addition (level of solubility
ine and y) niobium does not contribute to strength through solid solution
hardening.

A fine ferrite grain size results in increased strength, decreased impact
transition temperature (FATT) and improved resistance to ductile fracture.
The latter two are especially important considerations in thick—-gauge mater—
ial where toughness becomes of critical importance. A low carbon content can
have three potential benefits: high toughness (higher ductile fracture
energy and lower FATT), improved weldability and more efficient solution and
precipitation of microalloy carbonitrides. Precipitation of microalloy car-
bonitrides in the austenite is important since this can control the recrys-
tallization of deformed austenite, whereas precipitation in ferrite would
result in precipitation hardening. A high dislocation density can lead to
high strengths and rates of work hardening. Finally, the absence of elon-
gated inclusions reduces the anisotropy in ductile fracture behavior by
improving both the long-transverse and short-transverse ductilities. The
metallurgical characteristics noted above can result in a hot-rolled steel
that is strong, tough, weldable and formable. For cold-rolled steel, proces—
sing conditions are chosen either to achieve high strength or desirable
planar anisotropy for purposes of improving formability, whereas for heat-
treated steels, maximum austenite grain refinement resulting from carbon-
itride distributions is an important objective.

Tn summary, the last two decades have witnessed the evolution of a
complex family of economically viable engineering steels which is based on
the concept of choosing the proper combination of composition and thermo-
mechanical treatment that will result in a specific, final microstructure,
and, hence, =xcellent Final mechanical properties.

Benefits of Using Niobium in Microalloyed Steel

The multiplicity of options afforded by microalloyed steels for property
minipulation can be traced to two important points.

1. Vsnadium, titanium and niobium have limited solubility in austenite.

2. ALl three elements form nitrides and carbides. The relative stabil-
ity of these compounds is reflected in their differential effects on metal-
lurgical reactions controlling the properties of microalloyed steel.

Control of the solution and reprecipitation of microalloy carbides and
nitrides is the basic building block of HSLA technology. In most steels,
niobium is in solution at the slab reheating temperature, but when present in
excess it acts to refine the austenite grain size. nuring rolling, niobium
retards the recovery and recrystallization processes which form the basis for
thermomechanicl treatments, and its effectiveness in small amounts distin-
guishes it from other microalloying elements. Thermomechanical treatments
are critical to most microalloyed steels, since they could not possibly
develop their final combinations of mechanical properties from their chemical
makeup alone. Thus, niobium is viewed as the key ingredient in many HSLA
steels and is regarded as the most effective grain refiner of hot-rolled
products.

The effect of the grain refinement and sub-grain refinement on yield
strength can be expressed by the familiar Petch relationship, Figure 1 (14,
15) whereas the corresponding improvement in toughness is shown in Figure 2
(16).
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Niobium remaining in solution after rolling will usually precipitate in
ferrite either during or after transformation and will increase strength
through classical precipitation hardening mechanisms. However, when cooling
rates are rapid or when transformation temperatures are depressed through
alloying, precipitation may be supressed and will only occur during sub-
sequent aging treatments. If reheating is continued into the austenite
region, for instance before normalizing or quenching and tempering, niobium
is effective in preventing grain growth.

When niobium is present in the correct stoichiometric amounts, the high
stability of niobium carbide and nitride in ferrite yield important techno-
logical applications in reducing free interstitial contents to very low
levels. Significant applications include use in chromium plate steels,
"interstitial free" sheet steels and in normalized steels in conjunction with
aluminum to prevent strain aging. In this latter case, and other cold-rolled
steels, the precipitates may affect the development of the deformation and
recrystallization textures which lead to the characteristic anisotropy of
sheet steels.

Utilization of the above characteristics of niobium in steel allows
steelmakers to produce a wide spectrum of products at relatively low cost and
it seems likely that the historical trends of growth in consumption (10% per
year) will continue for the foreseeable future.
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Processing of Niobium Steels

During steel manufacture the different products undergo a variety of
thermal and mechanical manipulations that affect their final mechanical
properties. Metallurgical changes take place during each stage which affect
metallurgical responses in subsequent phases as the solutes and carbonitride
phases are repeatedly redissolved and precipitated. This sequential process—
ing can give rise to cumulative effects (inheritance or memory-like effects)
which are surprisingly complicated for HSLA steels. Furthermore, the magni-
tude of each metallurgical reaction is affected by the overall constitution
of the steels and the alloying concepts being used. It seems reasonable to
predict that present trends toward direct rolling will affect the relative
magnitude of the "inheritance" factors.

The processing steps for representative HSLA products are shown diagram-
atically in Figure 3 and their thermometallurgical significance is briefly
described below.

Casting

Solidification microstructures have been inadequately studied even though
they are relevant to continuous casting behavior. A few metallographic
results have been presented showing precipitate distributions in cast low
carbon Mn-Mo-Nb steel (17, 18) but more extensive correlation is required
between grain structure, precipitation phenomena and the overall constitution
of the steel.

There are indications that niobium acts like titanium (19) to refine
columnar dendritic structures (20) and to modify weld metal microstructures
(21-23). Present investigations are focused on the peritectic reaction in
Fe-C-Mn-Nb alloys and its influence on ductility of cast structures.
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Figure 3 - Summary of processing steps for various products.
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Reheating

The reheated austenite grain size affects the steel"s response to thermo-
mechanical processing, and for heavy—gauge products it should be as small as
possible to maximize impact toughness. The grain size is a function of
heating temperature, and time as well as the steel composition, due to its
effect on the solubility of grain refining agents, and the prevailing parti-
cle size distribution of carbonitride precipitates introduced during solidi-
fication and transformation.

There is substantial literature which documents the marked influence of
Nb on the behavior of austenite during reheating (16, 24-30). Representative
examples are reproduced in Figures 4 through 6. For most steels, the average
grain diameter is approximately 20 to 50 n at the temperature used for
conventional normalizing and quenching and tempering treatments (925-950 C)
and 50 to 450 p at normal reheating furnace temperatures (1025-1300 C). When
more rapid heating rates are used, such as occur in the induction treatment
of plate or pipe and the continuous annealing of sheets, the austenite grain
sizes may be much Ffiner especially at short times and high temperatures (>
1175 ©), (31) Figure 7.

Rolling

Niobium refines austenite grains by its action in slowing recovery and
recrystallization processes and by retarding grain growth after intermediate
recrystallizations. In this latter regard Nb is much more effective than
vanadium which is relatively soluble, but it is somewhat inferior to titan-
ium, Figure 9 (29).

The processing of niobium-containing austenites has been extensively
studied, particularly for steels with low carbon contents, (8-16, 32) but
interesting results have also been obtained for high carbon (0.60%) bar
steels (33). The magnitude of the effects attributable to niobium are
illustrated by the examples in Figures 8-11, (16, 34). Interrelationships
exist among niobium solute level, grain size and deformation temperature,
Figures 12 and 13 (28). Recent trends to slightly higher niobium contents
(0.06-0.10%) in plate products reflect the advantages gained from the lower
processing sensitivity of these steels, (35, 36).

For sheet steels, the metallurgical objectives are less related to
austenite and ferrite grain refinement (no toughness requirement), and are
more concerned with benefits related to precipitation hardening and develop-
ment of anisotropy. The planar anisotropy results from the combined influ-
ence on grain shape and changes in crystallographic texture, (37) and may be
usefully employed to intensify the influence of subsequent processing by cold
rolling and annealing. In general, the texture exhibited by the ferrite
which transforms from unrecrystallized austenite is {112} <110>, and this
texture can be intensified by a decrease in the rolling temperature and an
increase in the cooling rate after rolling. This latter effect is due to a
lowering of the y-to-a transformation temperature and a lesser opportunity
for recovery or recrystallization of the austenite to occur. Thus, to obtain
optimum forming properties in cold-rolled niobium steels, it is essential to
first control hot-rolling conditions (38) and coiling temperatures (39).

For hot-rolled steel, precipitation hardening is maximized when niobium
is in solution in austenite at the time of transformation to ferrite (40).
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Since premature precipitation is minimized at high-finish rolling tempera-
tures, it is often possible to find increases in yield strength when reheat-
ing and finishing temperatures are raised (D). It should be noted that this
is the inverse of the relationship usually observed for plate or other heavy-
gauge product.

Cooling

The final properties of hot-rolled production are directly related to
conditions of transformation from austenite-to-ferrite and to the precipi-
tation reactions taking place during and after transformation. As required
yield stengths increase or product thicknesses increase, it becomes increas-
ingly difficult to achieve appropriate conditions of transformation. fnder
these conditions, selections have to be made among additional alloying with
manganese, molybdenum, boron and other suitable elements or the use of some
form of artificial cooling is used usually involving water.

One unusual approach to strengthening involved a process which may be
termed "interphase grain refinement", whereby pre—existing carbonitride
particles or precipitates occurring during transformation provide additional
ferrite grain refinement for any given starting austenite grain size. This
phenomenon was first observed by Webster (42) in niobium steels and has
recently been mentioned by Woodhead (43) in vanadium microalloyed steel.

Subsequent thermal treatments

Heat treatment may follow rolling and in such cases niobium acts as a
grain refiner and toughener as mentioned earlier. The grain refining effects
may be enhanced by proper control of the prior rolling practice as described
by other authors at this conference, (44, &6). Recent more novel develop-
ments include simultaneous rolling and either intercritical or supercritical
"normalizing” treatments (SHT process (46)), and here again niobium enhances
the grain refining potential of the deformation process.

Properties obtainad

The range of mechanical properties attainable in various types of niobium
steel are summarized in Figures 14 and 15. The individual types of steel are
discussed in detail elsewhere in this volume. Since the production of
microalloyed steels is relatively non-energy intensive compared with heat-
treated steels, it is expected that the importance of these products will
grow as energy costs continue to escalate during the coming years.

Fundamental Considerations

Electronic structure

Iron, manganese and niobium belong to the family of metallic elements
known as transition metals. Transition metals are characterized by the
electronic structure of the atoms where the outer shell (45 energy level for
period 4 and 53 for period 5 elements) contain electrons while the inner
shell (3d energy level for period 4 and 4d for period 5 elements) is not
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completely filled. The transition metals are the only elements that have
unfilled inner shells. Many of the elements that form substitutional solid
solutions with iron in HSLA steels are shown in Table 1, (47).
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Figure 15 - Properties attainable in sheet and strip.

Fe-Nb phase diagram

As might be expected from the crystallographic data, niobium and iron are
completely miscible at high temperatures. The equilibrium diagram for the
iron-niobium system is well established: details may be found in standard
texts, (48). The most interesting feature of the diagram, in relation to the
use of niobium in steels, is the existence of ay loop which limits the
existence of the ¥ phase to alloys containing less than 0.83 percent niobium
(0.50 at. 9%). Clearly, niobium is a ferrite stabilizer. However, additions
of up to 0.10 to 0.20 percent lower the A3 temperature, i.e, they loop

apparently displays a minimum similar to that observed in the iron-chromium
and iron-vanadum systems; thus, in small quantities niobium acts as a v
stabilizer.

In the ternary iron-carbon-niobium system, the major feature of the
equilibrium diagram relevant to steels is the marked reduction of the solu-
bility of carbon in austenite and ferrite as a result of the ready informa-
tion of niobium carbide.

Diffusion
The literature contains several estimates of the interdiffusion coeffi-

cients in dilute solutions of niobium iny iron, (49-52). The data show
considerable scatter and are considered unreliable.
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Recently Argentinian investigators (53) have studied the diffusion of
niobium in high-purity iron containing no detectable interstitial levels.
Fe, Fe-0.4 Si and Fe-0.6 Si-1.5 dn alloys were investigated at temperatures >

1080 C. The experiments were conducted using the radioactive tracers Nb95

and Nb96, and the concentration profiles were determined by direct section-
ing. The interdiffusion coefficients of Nb in austenite in various iron-
based alloys are shown in Figure 16. Two important observations emerge:
firstly, that the interdiffusion coefficient of Nb in austenite is not
strongly influenced by the composition of the solid solution matrix, and,
secondly, that the coefficient for Nb is somewhat higher than the coefficient
for the self-diffusion of iron.

Compound Forming Tendencies

Transition metals are known to form a series of simple and solid solu-
tion compounds of oxides, sulfides, carbides and nitrides. The compound
forming tendencies of several of the transition metals in steel have been
reviewed recently (54, 55) and have been summarized by Meyer, =t al, (56),
Figure 17. Niobium shows a strong tendency to form carbonitrides, but
relatively little tendency to form oxides, sulfides or solid solutions of
these compounds. In this regard it behaves similarly to vanadium.

This characteristic distinguishes it from titanium which does not act as

a carbide former until all oxygen, nitrogen and sulfur have been consumed by
initial additions of titanium.

Precipitation of Niobium Compounds: Nb-NbC System

The Mb-NbC system has been studied extensively over the last quarter
century, (57, 62) the most recent and definitive study being that of Storms
and Krikorian, (62). The Nb-NbC phase diagram is shown in Figure 18. There
are three solid-solution, single-phase regions: a, 8 andy. The a-phase is

T,°C
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]
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Figure 16 - Interdiffusion coefficients of niobium in
interstitial-free substitutional alloys.
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an interstitial solid solution of carbon in Nb, with a maximum solid solu-
bility of 0.2 at. percent C near 2300 C. A vanishingly small carbon solid
solubility would be expected at temperatures of interest in steelmaking. The
a-phase has an A2 (BcC) crystal structure with a lattice parameter that will
vary with the carbon content and is 3.2948 for pure Nb, (57). The 8-phase
(szc) also appears to have a very limited range of carbon solubility around

the stoichiometric composition (33.3 at. % C) below 1500 C. ¥b,,C has an HCP

crystal structure with lattice parameters a = 3.128 and c = 4.95, (57). The
phase of the Nb-NbC system that is of most interest in steels is the y—phase
"NbC", but it should be noted that |\b2C is observed in steels having high

Nb/¢ ratios, (63). The y—phase has a range of carbon solubility which, for
example, appears to extend from near MoC 72 to MoC at 1100 C This range of

possible carbon contents has led to the adoption of the symbol ¥uC to

describe the y-phase, with x being equal to the mole ratio of C to Nb (at
1100 C; therefore, 0.72 < x» 1.0). The y-phase N‘DCX has a Bl (MaCl) type

(FCC| crystal structure (64) whose symmetty is described by the Schoenflies
point group Oi and Hermann-Mauguin space group (shortened ) FMM with 8 atoms
per unit cell. The crystal structure of ¥bC can be represented by two

interpenetrating FCC lattices with Nb atoms (or Mo atom vacancies) residing
on one set of FCC lattice points and C atoms (or C atom vacancies) residing
on the other set. Nbcx can be considered, therefore, to consist of Nb atoms,

C atoms and vacancies. If we let N° equal the number of atom positions on
either FCC lattice containing Nb or C atoms, then we have the following
relationship:

o _ v o_
N® = N N = N £ N -
where
Uy = MO- Nb atom sites per unit volume containing an No atom
NNZ = mo. vacant Nb atom sites per unit volume
N, = mo. ¢ atom sites per unit volume containing a C atom
NZ = mo. vacant C atom sites per unit volume.
Subtracting NNE from both sides we get
_ v _ Vv
Nyp = N+ (Ng = Mg, ) @

Since, by convention, the subscript of the ¥ is taken as one, both sides of
equation (2) should be divided by LI This gives

v
Ne = Nyp
N

N
1 =NL+
Nb Nb

(3)
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Nb (3a)

Nb (3b)

Equations (3) indicate that if the number of vacancies on tb and C sites is

equal, then My = NC and x in tC would be equal to one and the carbide

would have the stoichiometric composition. TF, however, there are more
vacancies in the carbon lattice, then NNb > Nv and x < 1.0; this, of course,

is the usual case. It can be concluded, therefore, that there is a direct
relationship between the deviation in x from x = 1 and the vacancy concentra-
tion in N‘OCX.

The lattice parameter of NbCx has been shown to be a strong function of

x, Figure 19, (62). Pure, stoichiometric ¥oC has a lattice parameter of
4,4704 and the lattice parameter decreases with decreasing x to a value of
about 4.434 at NbC 7+ Clearly, the vacancy concentration in the y-phase has

a very strong influence on the lattice parameter.

Microalloyed steels contain both carbon and nitrogen and when niobium
precipitates it does so as niobium carbonitride, (65-69). The crystallo-
graphy of "NbC" has been discussed above and, in fact, is very similar to
"NeN", (64). Since "NbC" and "NoW” are very similar compounds, it is quite
reasonable to expect the two to have complete solid solubility, i.e. form a
carbonitride. This is, iIn fact, correct, (D).

The NbC-NbN system has been studied (71, 72) and reviewed, (62). The
NbC-NbN system is actually a ternary system of ¥oC, NbN and vacancies. This
ternary system and associated lattice parameters are shown in Figure 20. Two
very important points emerge from an inspection of Figure 20. First, the
composition of niobium carbonitride can be represented by NbC((Ny where X

equals the mole ratio of ¢/Nb, y equals the mole ratio of ¥/Nb and 1 - (x tTY)
equals the mole ratio of vacancies. Figure 20 also indicates that the quanti-
ties x, y and (x + y) can all be variables. Second, the lattice parameters
of the carbonitride will be strongly influenced by both the nitrogen and
vacancy concentration; both nitrogen and vacancies act to reduce the lattice
parameter of pure ibC. Figure 20 further illustrates that the extent to
which the lattice parameter is lowered with increased nitrogen will depend on
the vacancy concentration of the carbonitride. The higher the vacancy
concentration, the larger will be the lowering of lattice parameter per unit
increase in nitrogen content in the carbonitride. Storms and Krikorian point
out that the interpretation of lattice parameter measurements will be diffi-
cult unless the vacancy concentration in the carbonitride can be assessed,
(62).
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Composition of ¥bC ¥ Formed in Niobium Steels
aT

The composition of precipitates found in commercial steels has been
extensively studied and the results obtained prior to 1973 were reviewed by
Gray, (73).

Briefly, it can be stated that the cubic forms of carbonitride are nmast
frequently found at normal niobium levels (< 0.04%). The reported range of
stability from Nbc0 72 to Nbc1 0 (74, 75) may allow substitution of molyb-

denum (76, 77) as well as the nitrogen/vacancy contents discussed earlier
without causing changes in crystal structure.

Recent studies of the composition of the carbonitride which forms in db-
bearing microalloyed steels (65-69, 78-80) have shown a direct relationship
between the composition of the carbonitride and the composition of the steel;
the larger the N/C ratio in the steel, the more nitrogen-rich was the carbon-
itride, A typical example of the relation is shown in Figure 21, (68).

These and other studies (73, 81-84) have also shown that the composition
of the carbonitrides in any given steel can depend upon the thermal condi-
tions under which they form. The data indicate that the precipitates contain
more nitrogen when formed at higher temperatures, (52, 67, 69, 84) Figures 22
and 23, (84) which is similar to results for precipitation of vanadium
carbonitride in vanadium-strengthened microalloyed steels, (85, 86).

It is to be expected that the presence of other elements such as titanium
and aluminum, that have strong nitride-forming tendencies, will affect the
amount of nitrogen in W CxNy. This has been observed by Ouchi, et al., (80)

especially in steels austenitized at high temperatures, Figure 24.

These studies (81-83) also indicate that long austenitizing treatments (<
150 k) and higher niobium (< 0.10%) and nitrogen contents (< 0.012%) give
rise to the formation of non-cubic compounds, often of the hexagonal
6" or ¢ carbonitride type. Also, as stated earlier, b C -type precipitates
are observed at high ¥ /c mole ratios (63, 73).

The Solubility of ¥b6Cc N in Austenite
Sy
The formation (and dissolution) of precipitates normally exhibits sig-
moidal kinetic curves which can be approximated by the Johnson-Mehl equation
87).

L =1-exp [~ % NG3t4I
(4)

where Xp = fraction of precipitation formed

N

i

nucleation rate (usually assumed constant)

G

i

growth rate (usually assumed constant)
t = reaction time.
The equation shows that a precipitation reaction will attain a given

level of completion only when N, G and t have sufficiently large values. The
nucleation rate is controlled by solute supersaturation while the growth rate
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is controlled by both the diffusion coefficient and the solute supsrsatura-
tion, @). Since solute supersaturation controls both N and G, it is very
important to understand the factors which determine it.

The extent to which elements can be maintained in solid solution in
austenite is governed by the appropriate solubility product. IFf, for ex-
ample, we are interested in the extent of solid solubility of Nb and C in
austenite which is in equilibrium with pure, stoichiometric NbC, then we must
consider this reaction

{Nb]. + (¢}, = wbe,
¥ ¥ (5)

This reaction will have an associated solubility product

log x, = log (Mb] (C] =4, -5
T (6

where Al and Bl are constants normally specified such that {db] and (¢]| can

be expressed inwt. percent and T in °R. IFf, however, we wanted to consider
the extent of solubility of the austenite in equilibrium with NbC then

the appropriate solubility product would be: -85
.85 _B
log , = log (wb} [cl = A2 T—Z
(7
Similarly, the solubility product for austenite in equilibrium with ¥c N
would be ®7
By
log ¥, = log (wo] [C1¥INIY = &, - 5=
(8)

The solubility of "NbC" in austenite has been studied in numerous in-
vestigations, and this work has been carefully summarized and reviewed by
Nordberg and Aronsson, (78), The 13 independent investigations reviewed by
Nordberg and Aronsson examined the solubility products associated with e,
NbC s NbeNy and wbd. Several solubility products are illustrated in Figure

25, and the equations of these products are listed in Table II.

Table 11, Solubility of Niobium Carbonitride Precipitates in Austenite

Precipitate Solubility Expression Reference
87 _ _ 7170

Nbc.97 log [db] [C] = 3.43 T 78

NG log (] (c] = 2.6 - 1210 78
.83, ..1l4 9800

NbC.83N_14 log (¥b] [c] [N] = 4.4 - 79

10,400
NBC 54N 65 log [wb](c]*24N]"®° =400 -~ 7 82
o log (ol [N} = 280 - 3200 54
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The relationship between the solubility product and the nature or compo-
sition of the niobium precipitate is evident in Figure 5. If the solubility
product line for pure, stoichiometric ¥vC is used as a reference, two inter-
esting trends are observed. First, there is a substantial lowering of the
product as the precipitate becomes more enriched with nitrogen. Second,
there is an apparent increase in solubility product with a reduction in X
(i,e, with an increase in vacancy content). These two trends are illustrated
with a comparison of selected solubility products for several precipitates at
1000 C, as shown in Table IIL.

Table 111, Solubility Product Values at 1000°C

Precipitate K x 106
NbC g, 1510
MbC 1070
NBC goN 4, 525
NBC 54N 65 -6
Mo 80

Solubility products play a vital role in understanding the physical
metallurgy of microalloyed steel, especially those aspects which are con-
cerned with precipitation-related phenomena. Solubility products can be
plotted in either of two ways. Consider the case of the solubility product
of ¥b¢ in austenite at some given temperature. Tf the abscissa (C) and
ordinate (Nb) axes have a linear scale, then any given solubility isotherm
will have the shape of a hyperbole. 1f, however, the axes have a logarithmic
scale, then the solubility isotherm will be a straight line. Both approaches
have been widely used in the literature.

A hypothetical solubility isotherm for ¥b¢ in equilibrium with austenite
at 1000 C is shown in Figure 26(a). The solubility isotherm gives the locus
of No and C products which represents the limit of solid solubility of ¥NbC in
austenite at 1000 C, i.e. any combination of products located above the line
will be in they + ¥oC phase field at 1000 C. The straight line with a
positive slope on the diagram represents the stoichiometric ratio. The
precipitation of ¥C can be followed by considering the slightly curved line
which is nearly equidistant from the stoichiometric line and passes through
the point with the Nb and C coordinates which describe the composition of the
steel. A schematic illustration is presented in Figure 26(b). Consider a
steel of composition given by point B which is reheated to 1300 C and is very
slowly cooled to 900 C. Since 1300 C is the solution temperature for the tbG
under consideration here, the ¥bC can be assumed to be completely dissolved
after reheating. T1f we further assume that precipitation occurs during the
cooling, then the composition of the austenite in equilibrium with ¥¢ would
move along the curve passing through point B and which is equidistant from
the stoichiometric line. The distance moved along the curved line through
point B is proportional to the volume fraction of precipitate formed as a
result of the cooling, assuming equilbrium is established at all temperatures.
In other words, the distance moved along the curved line through B during
cooling is proportional to the supersaturationand would also be proportional
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to the volume fraction precipitate formed if equilibrium prevailed. There-
fore, if steel B_is reheated to 1300 C and then cooled to and rolled at 900
C, the distance BC in Fi%ure 26(b) will be pro?ortional_tg the volume fractic
of precipitation of ¥»¢ Tormed in austenite. This precipitation would be of
two types: that formed during cooling and that formed during or after
rolling. The first type is not likely to te significant since precipitation
in recrystallized austenite is normally very sluggish, as will be discussed
later. The second type is the strain-induced precipitation. A second
interesting case would occur if steel of composition A in Figure 26(b) is
considered. 1f this steel is reheated at 1300 C and hot rolled at 900 C,
then two arrays of ¢ particles would be expected. The first would be the
precipitates that survived the reheating treatment (volume fraction propor—
tional to AB) and the second strain-induced precipitate (volume fraction
proportional to E).

Several investigators have used solubility diagrams to help explain the
physical metallurgy of microalloyed steels, and, in particular, the precipi-
tation phenomena, (34, &). Our understanding of precipitation in these
steels has been substantially increased by recent work by Wadsworth, et al,
(90) Roberts, et al., (85) and Keown and Wilson, @). The study by Wads-
worth, et al., (90) concluded that the supersaturation that could be devel-
oped between any two temperatures is a strong function of the position of the
steel relative to precipitate stoichiomeetry on the solubility diagram. This
effect, illustrated in Figure 27, shows that the largest possible suparsat-
uration occurs when the microalloying element and the interstitial are
present in the steel in the stoichiometric ratio, and deviations from this
ratio will lead to decreasing supersaturations.

The work of Roberts, et al., (85) presents an interesting way of consid-
ering the precipitation of carbonitride precipitates in microalloyed steels.
They suggest a thermodynamic analysis which attempts to predict the change of
X and y in VCXNy with changes of temperature and/or extent of precipitation.

Their model predicts that nitrogen-rich precipitates are the first to form
and that nitrogen plays a central role in controlling the precipitation until
it is completely consumed.

Keown and Wilson (91) have suggested a way of analyzing the supecsatura-
tions that can develop in steels which contain the potential for formation of
several types of precipitates (e.g, NbN - vs - AlN), The technique developec
by Keown and Wilson centers on the formation of so-called "equal solubility
diagrams" which are constructed from the solubility diagrams of the different
precipitating species being considered. 1In those cases when precipitation
kinetics would be governed by solute supersaturation, the location of a giver
steel on the equal solubility diagram will enable the prediction of the
precipitate which is most likely to be formed, i.e, the one with the highest
supersaturation. An example of the diagram concerned with Mo and ALN
precipitation is shown in Figure 28.

The lines on the diagram represent the loci of Nb and 41 compositions
where ¥b¥ and Al¥ have equal solubility at a given temperature. Keown and
Wilson contend that, for example, steel compositions which lie above one of
the lines would favor Wb as the First precipitate to form. As precipitatio
proceeds, the Nb level in solution in the austenite will fall until it
reaches the line of equal solubility, at which point the precipitation of Wbl
and AlM would be equally favored. For example, if the precipitation in a
steel containing .06 Nb and .02 Al is to be studied at, say, 900 C, the stee.
composition lies above the line of equal solubility for 900 C This means
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that the first precipitate to form would be ¥ and the precipitation would
continue until the Nb in solution in the austenite would fall to .015 No.
Further precipitation of nitride would occur by formation of d¥bd and ALN with
equal probability.

Solubility products appear to be influenced by the presence of elements
which do not directly participate in the precipitate reaction. Koyama, et
al., (92 have examined the influence of several elements on the solubility
of ¥bC in austenite. By way of an example, the solubility product for ¥o¢ in

otherwise unalloyed austenite is about 5 x 10_3 at 1150 C. An addition of tn
increased log K by about 5 percent per percent Mn added, while an addition of
Si reduced log K by about 45 percent per percent Si added. The solubility
product at 1150 C for a steel that contained 15 percent Mn and 0.4 percent

Siwas = 4 X 10_3; the addition of #a and Si acted to reduce the solubility
product by about 20 percent.

Although much work has been done on solubility products, there is still
some question as to the overall applicability of these products to typical
steels undergoing actual processing. This applicability was tested by
Simoneau, et al., (93) and it was shown that a large discrepancy existed
between the experimentally determined amount of Nb dissolved in austenite
during reheating and the same quantity predicted from several solubility
product equations. The comparison of the experimental and theoretical
amounts of dissolved Nb is shown in Figure 29; it is clear that there is less
than ideal agreement between the experimental and theoretical values due to
kinetic and equilibrium considerations. 1t appears that there is still much
work to be done in this general area of solubility products and their appli-
cations.

Crystal lography of Precipitation: Orientation Relationships and Lattice
Matching

The crystallography of precipitation in steel has been reviewed recently
by Jack and Jack, (94) Davenport, et al. (95) and Honeycombe (). There are
two aspects of the crystallography of precipitation that are of interest in
this discussion. These are (@ the orientation relationship that exists
between the crystal structure of the precipitate and that of the matrix, and
(b) the degree of lattice registry between the precipitate and the matrix.

Carbonitrides of niobium, vanadium and titanium can precipitate in both
austenite and ferrite. Several studies (95, 97-99) have shown that when
these carbonitrides precipitate in austenitic stainless steel, they do so
such that the lattice of the precipitate with the Nacl crystal structure is
parallel to the FCC lattice of the parent austenite, i.e.

[100] || [100],

M(CN) (9)

[010] I (o101

M(en (10)

Davenport, et al., have provided direct evidence that this same rela-
tionship holds for the strain-induced precipitation of ¥¢ in austenite in a
microalloyed steel ().

When NbQ(Ny precipitates in ferrite (95, 100) or martensite, (101) it
does so with the Baker-Nutting orientation relationship: (102)
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The "parallel' and Baker-Nutting orientation relationships can be simply
illustrated through the use of the appropriate metal-atom octahedra (94).
The metal-atom octahedra for austenite, N‘oCXNy and ferrite are shown in

Figure 3. The structures of the austenite and NbC‘(Ny are positioned to

represent the parallel orientation relationship and the structures of the
ferrite and Nbc‘(Ny are positioned to represent the Baker—-Nutting orientation

relationship. Note that the three octahedra shown in Figure 30 all have a
cube plane at the base.

The octahedra shown in Figure 30 also permit the calculation of lattice
mismatch. This is done by calculating the percent increase in matrix lattice
parameter that would be required to bring the two lattices into coincidence
at the matrix-precipitate interface, i.e,

% Mismatch :Lrt—mm x 100,
(13)

where Lp
Lm

= appropriate length of octahedron of the precipitate, and

= appropriate length of octahedron of the matrix.

Examples of the required distortion or mismatch of the matrix for several
types of precipitates are shown in Table IV. The magnitudes of the elastic
matrix strains (¢ = 0.25 for ¥o¢ in austenite and ¢ = 0.106 and 0.563 in
ferrite) required for lattice registry would appear to rule out any large
degree of coherency between the precipitate and the matrix. However, the
elastic strains required of the matrix to achieve lattice registry could be
easily accommodated by the presence of a few interfacial dislocations for a
precipitate of dimension 100A.*

Table IV. Lattice Mismatch for &bC N Precipitates in Austenite and Ferrite
aF

Orientation Required Distortion of Matrix, "/f

Matrix Relationship weC NBC o NbN g
(1001 ll (1001 25.5 26.6 23.0
Y toto] || (1o1], 25.5 26.6 23.0
[001]Ppt | [001]Y 2.5 %.6 23.0
[100]ppt ‘ [IOO]a 5.3 57.7 5.1
a [Oll]ppt ‘ [OLO]G 10.5 11.5 8.4
[oILIppt ‘ tool) 10.5 1.5 8.4

# All matrix strains are tensile (+),

* A first-order approximation indicates that about seven and three disloca-
tions would be required to cancel the lattice mismatch for a precipitate of
NbC of size 100A in austenite and ferrite, respectively.
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Figure 30 - Metal-atom octahedra for (a) austenite, (b) NbC and
(e) ferrite. Adapted from Jack and Jack (94).
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The orientation relationship that is observed between the ¥bC and ferrite
can be used to distinguish the ¢ which had nucleated in austenite from the
¥b¢ which had nucleated in ferrite. As was noted above, toC forms in austen-
ite with a parallel orientation relationship and in ferrite with the Baker-
Nutting orientation relationship. Therefore, all ibC precipitates that show
the Baker-Nutting relationship must have formed in the ferrite. The NbC that
forms in austenite will not have the Baker-Nutting relationship with the
ferrite.

Whaen austenite transforms to ferrite or martensite, it does so with the
Kurdjumov—-Sachs orientation relationship (103).

(i, ll (110), -

[110]Y H (1], (15

The consequence of this relationship is that when the matrix transforms from
austenite to ferrite, the orientation of the original austenite and the
precipitates that formed in that austenite would be related to the ferrite by
the Kurdjumov-Sachs relationship. Therefore, the precipitates that formed in
the austenite can be identified because they will have the Kurdjumov-Sachs
orientation relationship with the ferrite when observed at room temperature.
If the orientation of the austenite grains would change after precipitation
had occurred, =,35. by grain rotations accompanying deformation or cecrystal-
lization, then there would be no rational crystallographic relationship
between the ¥b¢ that had formed in the austenite and the final ferrite
matrix. In principle, this change in austenite grain orientations after
precipitation would not appear to be a very frequent occurrence since most of
the precipitation that forms in austenite is strain-induced, and these
precipitates act to supress subsequent recrystallization of the deformed
austenite in which they formed. However, the coherency (and accompanying
stresses) between Nbc‘(Ny and austenite disappear during they » a transfor-

nation so that even when there is no further precipitate growth, the ferrite
strengthening effect of NbeNy formed in austenite is reduced substantially.

Precipitation of ¥bc N : Typical Morphologies and Distributions
=

The precipitation of ¥bCi* in austenite and ferrite is heterogeneous in
nature, i,=, it always occurs in conjunction with crystalline defects such as
grain boundaries, incoherent twin boundaries, stacking fault boundaries and
subgrain boundaries. oOmne reason why the precipitation forms in this fashion
is the rather large mismatch between the lattice of NbCN and the matrix,
austenite (54, 63, 71-75) or ferrite (63, 63, 69, 74, 76-82) Table IV. These
crystalline defects are sources of dislocations which can act to cancel some
of the elastic strain which may develop during the formation of the precipi-
tates.

* Hereinafter, NbCN will be used to denote Nbc‘(Ny .
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In one of the few studies that have been done on the precipitation of
NbCN in recrystallized austenite, Santella has shown that the NbCN forms
almost exclusively on grain boundaries, (69) as is the case for precipitation
in casting (80). Much more research has been done on NbCN precipitation
which has formed in deformed austenite and in ferrite. Good illustrations of
strain-induced precipitates of NbCN in deformed austenite are available in
the literature, (15, 95, 104-107) and an example is presented in Figure 31.
In every case, the precipitates appear to decorate what was once a grain or
subgrain boundary in the prior—austenite.

When NbCN precipitates in ferrite, the nature of the precipitate distri-
bution is related to the nature of the austenite-to-ferrite transformation,
IT the ferrite which forms has a polygonal morphology, the NbCN precipitation
will have the "interphase" distribution (40, 96). During the interphase
precipitation, the NbCN forms along the advancing austenite-ferrite phase
boundary. When the boundary moves to a new location, the precipitates are
left behind in a sheet-lie array. The final microstructure consists of
numerous sheets of precipitates, where each sheet denotes the location of the
interphase boundary during the course of the transformation. This form of
precipitation in Nb steels has been observed by Gray and Yeo (40) and others
(95, 108, 109) and an example is given in Figure 32.

When precipitation occurs substantially after transformation is complete,
such as during slow cooling after low-temperature coiling on a strip mill,
the precipitate has a more uniform distribution (40). These precipitates and
associated strain fields are responsible for the strong precipitation harden-
ing effect of NbCN.

Similar distributions occur in ferrite which has an acicular or bainitic
character (95). Furthermore, there is great similarity in distributions and
morphologies between the NbCN that forms in acicular ferrite and the NbCN
that forms during secondary hardening in the tempering of a quenched steel
(101). An example of this general type of precipitation of NbCN ina is
given in Figure 33.

The strengthening effect of these precipitate distributions is considered
to result from looping of dislocations between the more widely space particles.
The most generally accepted theory which described particle looping is that
of Orowan, (110) modified by Ashby, (111) and by Gladman, et al., (34) who
developed the Orowan/Ashby model to give the effects of precipitate size and
volume fraction. Despite the complexity of their derivation, the result can
be presented in simple form as shown in Figure 34, (34). Although devia-
tions from the model have been observed, (73) the approach still allows one
to estimate expected strengthening increments for most steels as illustrated
in Figure 35 (73).

Kinetics of Precipitation of NbCN in Austenite

The response of a steel to a given thermal and deformation history is
closely related to the kinetics of dissolution and of reprecipitation of NbCN
in austenite. While the best publicized thermomechanical treatment is
""controlled rolling" of plate and pipe steels, there are several other
metallurgical objectives that can be achieved by proper balance of the
deformation recovery-precipitation interactions. Some of these are listed
below for completeness.
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Figure 31 - Strain—induced precipitation of NbCN in austenite
in a steel containing .09 percent C - .07 percent No.
Specimen reheated at 1250 C, rolled 25 percent and
held at 950 C, and air cooled to RT. Centered dark
field electron micrograph using a (111) NbC reflection.
After Santella (69).

Figure 32 - Interphase precipitation of NbCN in ferrite in steel containing
.09 percent C = 0.7 percent No. Specimen was reheated to 1250
C, hot rolled to 1000 C and air cooled to RT. Bright field
electron micrograph. After Santella (69).
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Figure 33 - General precipitation of ¥Cd in ferrite in steel con-

taining .09 percent c - .07 percent Nb. Specimen reheated
to 1250 ¢, hot rolled to 1000 ¢ and air cooled to RT.
Dark field electron micrograph using a (111) wbC reflection.

After Santella (69)
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Figure 34 - The dependence of precipitation strengthening on precipi-
tate size (x) and fraction according to the Ashby-Orowan
Model, compared with experimental observations for given
microalloying additions. After Gladman, et al (34).
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Figure 35 - Effect of precipitate volume fraction and
particle size on yield-strength increment.
After Gray (73).

a.  For sheet and strip, if one is interested in high strength, then it
is appropriate to maximize soluble niobium at the time of the vy + a transfor-
mat ion.

b. For cold-rolled steel, it may be desirable to try to develop a
specific hot-band texture for inheritance by the ferrite after transforma-
tion. As referenced earlier, the sharpness of the texture is affected by the
retardation of recrystallization by niobium and increases with cooling rate
and reduction in finish rolling and transformation temperature (37).

c. [k may be appropriate to produce a specific precipitate distribution
or to control the grain growth during conventional heat treatments (44, 45)
or to aid in the development and/or selection of appropriate texture during
anealing after cold rolling (39).

d. For some applications, it is desirable to develop continuous-yielding
stress—strain curves. In such cases one may process to engineer a specific
transformation behavior by virtue of interaction between segregation, banding
tendencies and finishing rolling temperature. In addition to changes in
yielding behavior it may be possible to change HIC resistances of microalloyed
steels during thermomechanical manipulation.

e. It may be possible to remove undesirable interstitials from solid
solution by strain-induced precipitation at high temperatures. For example,
formation of nitrogen-rich ¥b¢d might preempt reaction of nitrogen with boron
or aluminum at lower temperatures.

In a broad sense, all of these objectives might be covered under the
banner of "‘controlled rolling™ or austenite conditioning.
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When a Nb-bearing low-alloy steel is in the austenite phase field, the Nb
will be in both the solid solution matrix and in the precipitated NoCN. At
equilibrium, this partitioning of Nb between the matrix and precipitate will
be controlled by the solubility relations discussed earlier. Since one of
the primary requisites of a successfully conditioned austenite is the presence
of a large number of crystalline defects that can act as sites for ferrite
nucleation during cooling, the motion of subgrain and grain boundaries
associated with static recrystallization and grain growth after hot defor-
mation must be retarded. Evidence for this retardation by Nb in both solid
solution (112-114) and in precipitate (115-117) can be found in the litera-
ture.

The different effects of NbCN precipitation during hot rolling have
stimulated a large number of studies concerned with the kinetics of precipi-
tation in austenite as influenced by composition, strain, strain-rate,
temperature and overall heat treatment. This group of studies of precipita-
tion kinetics has utilized a wide variety of techniques including: chemical
analysis, (56, 66, 68, 83, 112, 118) electrical resistivity, (93, 119) X-ray
diffraction, (105) quantitative electron microscopy, (107) flow curves (114)
and hardness testing, (29, 112, 120). The precipitation which has been
studied in these experiments is, with one exception, the strain-induced
precipitation which occurs during and/or after deformation. The exception is
the dynamic precipitation with accompanies deformation and which has been
studied by Jonas, et al., (114, 121).

Studies of the precipitation in recrystallized austenite have shown that
the kinetics are very sluggish (65, 93, 119). The results of the study by
Simoneau, et al., (93) on precipitation rates at temperatures above 900 C are
shown in Figure 36. The kinetics of NbCN precipitation at 900 C are shown in
Figure 37; these data are from the work of LeBon, et al. (112). Finally, the
precipitation kinetics at low temperatures, below 950 C, have also been
determined by Watanabe, =t al.; (65) these results are shown in Figure 38.
These studies illustrate the slow rate of precipitation in recrystallized
austenite; it takes several thousands of seconds at 900 C for 50 percent of
the potential precipitation to form. Also, by combining the results of
Simoneau, et al., (93) and Watanabe, et al., (65) the overall precipitation
behavior does appear to conform to C-curve Kinetics.

The precipitation rate is remarkably sensitive to the level of strain
imparted prior to aging, as is illustrated by the results of LeBon, et al.,
(112) Figure 38, and Hoogendorn and Spanraft, (118) Figure 39. The strain-
induced precipitation of NbCN in austenite appears to follow C-curve kine-
tics, with the nose of the curve located between 900 and 950 C. Three C-
curves, each based on a different technique, are shown in Figures 39, 40 and
41. These results are from the work of Wantanabe, et al., (65) Figure 38;
Ouchi, st al., (29) Figure 40; and-Hansen, et al., (107) Figure 41. In all
three cases, the nose of the C-curve appears to be in the temperature range
900 to 950 C.

The overall composition of the steel appears to have a strong effect on
the kinetics of precipitation (65, 114, 120). For example, the presence of
Mo appears to shift the C-curve to lower temperatures and shorter times, (65)
whereas an increase intin level acts to shift the C-curve to longer times
(121).
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Figure 36 - Isothermal precipitation of Nb in undeformed austenite
in steel containing .07 percent C - .04 percent Nb -
.010 percent N. After Simoneau (93).
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Figure 37 - Influence of strain level on the kinetics of Nb precipi-
tation at 900 C  After Lebon and Saint-Martin (14).
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Figure 38 - Time—temperature-precipitation diagram showing effect
of deformation on precipitation on Nb (C,N) in Austenite.
After Watanabe et al (65).
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Studies of the precipitation of NbCN in deformed austenite are subject to
certain problems when the temperature of deformation (and subsequent holding)
are raised. The problem arises because the density of crystalline defects in
the austenite does not vary continuously with temperature over a large temp-
erature range, say, 800< T« 1200 C. For a given set of conditions of
composition, temperature, strain and strain-rate, the austenite deformed at
high temperatures may experience recrystallization. This would be expected
at large strains, high temperatures and low strain rates. The austenite
deformed at low temperatures will be highly elongated and the austenite
deformed at intermediate temperatures will have a mixed equiaxed plus elon-
gated grain structure. Behavior of this kind would be expected to give a
discontinuous relationship between the crystalline defect density that can
act as nucleating sites for NbCN precipitation and the deformation tempera-—
ture. This type of austenite deformation behavior has been observed in
microalloyed steels (86, 105) and has been shown to influence the results of
precipitation kinetic studies (105). An example of this effect is shown in
Figure 42, which has been taken from the work of Davenport, et al. (105)
Figure 42, where the relative integrated intensity is assumed to be roughly
proportional to the volume fraction of precipitate, indicates that there are
high rates of precipitation in the temperature range 950 to 1100 C and lower
rates at temperatures which are either above or below this range. Davenport,
et al., (105) have noted that the lowering of precipitation kinetics which
results from higher temperature deformation and holding may be due to two
effects. The first is the reduction in solute supersaturation with increasing
temperature; this alone would lead to a decrease in precipitation rate. The
second is the change in deformation structure of the austenite near 1100 C
Austenite rolled below this temperature leaves the rolls with an elongated,
deformed microstructure which contains numerous sites for strain-induced
precipitation. Austenite rolled above this temperature leaves the rolls in
the dynamically recrystallized state; this structure contains few sites for
strain-induced precipitation; hence, low precipitation kinetics can be
expected.

The studies of precipitation kinetics described to this point have in-
volved "static' precipitation. That is, the austenite has been deformed in
one operation and then aged in a second operation. A different approach to
studying strain-induced precipitation has recently been developed by Jonas,
et al. (114, 121). This approach enables the kinetics of strain-induced
precipitates to be determined in a "dynamic' context, i,=. where the austesn-
ite is being strained and aged at the same time. This approach yields C-
curves describing the dynamic precipitation and is based on the analysis of
hot flow curves. C-curves describing this dynamic precipitation (121) are
shown in Figure 43.

The kinetics of the precipitation of NbCN in austenite have been summar-
ized and are presented in Table V and Figure 44. Figure 44 shows the time
required for 50 percent of the precipitation of NbCN to be completed as a
function of the amount of strain experienced by the austenite in the tempera-
ture range of 900-950 C. The marked influence of strain level on the kinetics
of precipitation is clear; the kinetics increase rapidly with increased
strain. For example, whereas it might take 500 to 800 seconds for 50 percent
of the precipitate to form after small strains (< 15%), it would take only 30
to 40 seconds after longer strains (80< = < 60%), Figure 44. While the
trend in this compilation is distinct, there is considerable scatter which is
not unexpected due to the differences in base chemical composition, strain
rate, testing technique (method of straining), solution treatment condition
and other relevant factors.
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Table V. Summary of Observed Kinetics of NbCN Precipitation in Austenite

%Nb Hot Conditions for 50% Pptn.
In Steel Deformation Analytical Method Strain, 7 Time, secs. Ref.

.04  Torsion at 900°C Chem. Ext. 0 146 X 103 112
32 31
67 11

.04  Rolling at 900°C Chem. Ext. 17 678 118
33 174
50 38
67 19

08 Rolling at 925°C Chem. Ext. 0 6 x 10° 65
30 138

.09  Rolling at 982°C Semi-Quan, X-ray 40 48 105
60 36

.04  None at 900°C Elect. Resistivity 0 16.8 x 103 93

.031 Rolling at 900°C Hardness 50 253 29
*

.035 Compression at 900°C  Strength 65 114

.03 Held at 950°C Quantitative 50 100 107

One of the principal reasons why the precipitation studies discussed above
were performed was to assess the way in which the precipitation of NbCN would
occur and, hence, the way in which this precipitation could interfere with
the recovery and recrystallizationof the deformed austenite. It would be
instructive, therefore, to briefly analyze what kind of informationwould be
determined in each type of precipitation study (i.e. technique), relative to
the informationwhich is required to evaluate the potential retardation of
static recovery and recrystallization.

It has been shown (122) that an array of spherical particles can apply a
force per unit area on a boundary moving during primary static recrystalliza-
tion

Fretard 3fY

Area ‘retard T 2R

(16)

where f is the volume fraction, y is the boundary surface energy and R is the
particle radius. Furthermore, it has been shown by Gladman (34) that the
geometrical characteristics of a precipitate dispersion of the type found in
microalloyed steels can be given by

- ™
L=-=D 14f_
(7
where L is the average interparticle distance and D is the average particle
diameter. This relationship among the precipitation dispersion parameters is

shown in Figure 45, along with values typically found in Nb steels.
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Taken together, these two equations mean that the correct assessment of
the magnitude of the stress acting to retard recrystallization can only be
made if two of the three precipitate dispersion characteristics (f, R and L)
are known. Hence, the retarding stress can be expressed as

retard 1R~ k2 T 3.2 (18)

where kl, Ky kg are numerical constants which include the surface energy
term.

At this point, it is possible to evaluate how the results of the various
precipitation studies can be interpreted relative to A erard® The studies

that utilize the chemical analysis of extracted particles (56, 65, 68, 112,
118) provide information concerning f alone. This is also true for the
studies that involved electrical resistivity, (93, 119). The precipitation
studies of Davenport, et al., (105) which involved X-ray and TEM analyses,
and those of Hansen, et al., (107) which involved quantitative TEM, included
efforts to evaluate both f and R for several NbCN precipitate dispersions in
rolled and aged steels. These data should permit the calculation of

I erard 85 well as its temperature dependence. However, the kinetics of

static recrystallization in both of these studies clearly indicate that all
of the precipitation which occurs below about 950 ¢ is quite capable of
severely retarding static recrystallization and, hence, this precipitation
must generate relatively large retarding stresses.

Influence of Nicbium on the Response of Austenite to Thermomechanical
Treatment

Many of the benefits that are observed when Nb is added to steel occur
because the Nb can alter the response of austenite to reheating, hot defor-
mation and recrystallization.

Several studies have been conducted on the influence of ¥b on the grain
coarsening behavior of austenite during reheating, (24-27, 29, 113, 123).
These studies have shown that Nb can drastically alter the grain size of
reheated austenite, especially at low austenitizing temperatures, i.e. below
about 1150 c.

When grains undergo grain growth, they do so because this enables the
average grain boundary curvature to be increased and the total surface energy
of the system to be decreased. Under the conditions where there is no large
barrier to boundary migration, i.=. by solute atoms, particles or free sur-—
faces, the boundaries can move in a relatively unhindered fashion and the
grains will coarsen in a monotonic way with time and temperature. This
process is termed "normal' grain coarsening and is characterized by a single
distribution of grain diameters, the average of which will increase with time
and temperature, (124, 1%).

IT normal grain growth is suppressed by the presence of solute atoms,
particles, free surfaces or textures, but additional thermal activation is
supplied which enables these barriers to be overcome, then exaggerated growth
of a few select grains can occur. This is called "abnormal™ grain growth or
secondary recrystallization, (127, 1X). During abnormal grain growth, the
small, primary grains are consumed by the large abnormal grains, and the
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process continues until the small, primary grains are replaced by the large,
abnormal grains. Before abnormal grain growth begins, the material is
composed of primary grains. During abnormal grain growth, the specimen would
contain both the small, primary and large, abnormal grains. Upon completion
of the abnormal grain growth, the specimen would contain only the large,
abnormal grains. The growth of these large grains would then proceed by
normal grain growth.

Austenite grains which are coarsening by normal grain growth would follow
the normal grain coarsening law (124, 126)

D2 - D02 = kot exp (-Q/RT)

(19)

where D and Do are the average grain sizes at times t and t = O, respec—
tively; k is a constant, t iIs the coarsening time, Q is the apparent activa—

tion energy with a value near 18 kcal/mole=®% (113) and R and T have their
usual meanings. This type of coarsening behavior will result in a straight
line when the log of the grain diameter* is plotted against either the
reciprocal temperature or the log of time. Conversely, when the grain
coarsening takes place by abnormal grain growth, the coarsening data will not
conform to the normal grain coarsening law, and the data will deviate from
the straight lines discussed above. Both types of grain coarsening behavior
have been found for the austenite in a C-Mn-Si steel, as illustrated in
Figure 46 (26). The steel, in Figure 46, exhibited normal grain growth at
temperatures above 1100 C, and the abnormal coarsening after long times at
900 C and short times at 1000 C. When .07 wt percent Nb is added to the C-
¥n-31i steel, the grain coarsening behavior changes, as is shown in Figure 47
(26). In this case, the austenite exhibits normal coarsening at temperatures
above 1200 C and abnormal coarsening at lower temperatures. The abnormal
grain growth exhibited in Figure 47 was a direct result of NbCN precipitation
which suppressed the normal grain growth at low temperatures, and which
permitted abnormal grain growth to occur as the particles themselves coarsened
and dissolved at the higher temperatures.

A different and possibly more useful way of displaying grain coarsening
data is with isochronal diagrams of the type shown in Figure 48 (26). The
austenite in the base steel, Al, has a rather large grain size at 950 C and
does not coarsen very appreciably with temperature. The Nb-bearing steel,
A3, has a very fine grain size which does not coarsen with temperature until
the onset of abnormal grain growth at 1050 C. The abnormal grain growth is
completed at 1200 C, after which the grain size increases very strongly with
temperature. The third steel, steel A7, contains both Nb and high nitrogen;
the abnormal grain growth is just barely completed at 1250 C in this steel.
Electron microscopy has revealed that the absence of normal grain growth of
the primary austenite grains at temperatures< 1050 C is caused by the
presence of fine NbCN. These precipitates effectively pin the grain boundar-
ies thereby causing the lack of grain growth. As the temperature is in-
creased, however, the particles coarsen and dissolve, and at temperatures
above 1050 C they can no longer keep the boundaries from moving. Abnormal

* D is usually neglected in the application of this equation since it is
often very much smaller than D.
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tenite. Steels Al and A3 as described in
Figures 46 and 47. Steel A7 contains .09 per-
cent C = 1 percent M = .07 percent Nb - .023
percent N. After Santella (69).
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grain growth can then commence and continue until the fine primary grains are
completely consumed. The difference in coarsening behavior between steels A3
and A7 is a result of the presence of a second array of precipitates in A7,
one in addition to the fine NbCN found at low temperatures, € 1050 C. This
second array is a very stable, nitrogen-rich N\ON which remains undissolved
up to 1250 C (26). It is this precipitate which keeps the abnormal grain
growth stage from being completed below 1250 C.

The grain coarsening behavior of austenite in a Nb steel, therefore,
consists of three stages. The first stage occurs at low temperatures,
generally below 1000/1050 C, and is associated with very little sensible
grain growth. The second stage commences with the initiation of secondary
recrystallization and continues until the entire set of primary austenite
grains is consumed by the secondary grains. The third stage, which typically
starts at 1150/1200 C, consists of the normal growth of the secondary grains,
i,e, the grains that resulted from the completion of the secondary recrystal-
lization of the primary grains. During stages two and three, the average
grain size of the austenite increases very rapidly.

The conditions which prevail at the point where the particles can no
longer effectively pin the grain boundaries, i.e. the end of stage one
coarsening, have been discussed by Gladman and Pickering (129). They have

shown that the critical (maximum) partical size, Toie? that can effectively

pin the boundaries of austenite of average size R can be expressed as

6RE 3 5

Terit  m (5 -5 (20)
where f is the volume fraction of particles and z is the inhomogeneity

factor, the ratio of the radii of the growing grain and the matrix grains.
When the particle size exceeds Merit' the primary austenite grains will no

longer be pinned and grain coarsening by secondary recrystallization will
begin.

The addition of Nb to a low-carbon steel results in drastic changes in
the flow curves during hot deformation (114, 121, 130-134). Since the hot
flow curve is sensitive to the dynamic balance which is achieved between work
hardening, dynamic recovery, dynamic recrystallization and dynamic precipita-
tion, (114, 121, 135, 136) it is clear that the Nb has substantially altered
the hot deformation behavior of the austenite. In general, the addition of
Nb causes an increase in the flow stress, an increase in the strain to
maximum stress and an increase in the critical strain for the onset of
dynamic recovery and recrystallization, (114, 121, 131-134). A good example
of this effect is shown in Figure 49 (133). The observation that Nb in-
creases the criticial strains for dynamic recovery and recrystallization is
an important one. Since the peak and critical strains decrease with increas-
ing deformation temperature, (133, 134) one of the influences of Nb can be
considered to be to shift the temperature where dynamic recrystallization
could occur to higher temperatures, for a given total strain and strain rate.
In other words, the addition of Nb would be to increase what is called the
recrystallization temperature for a given strain and strain rate. This
influence of Nb on the recrystallization temperature of austenite has, in
fact, been observed in several studies of hot rolling where specimens were
given reductions of constant strain and strain rate. For example, the so-
called recrystallization temperature for Givh and C-Mn-Si steels is generally
in the temperature range 850-950 C for single pass reductions of 40 to 50
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percent on laboratory rolling mills which roll at strain rates in the range 1

t0 5 sec™t (29, 86, 135). When Nb-bearing steels are subjected to equivalent
rolling reductions, the recrystallization temperatures are normally in the
range 1050-1150 C, (26, 29, 105, 136). The addition of Nb has been respon-
sible for increasing the recrystallization temperature by about 200 C, (137,
138). A similar effect has been found by Cuddy (139) during the hot compres—
sion testing of Nb steels, Figure 50.

Another important role played by Nb is to inhibit the static recrystal-
lization of the deformed austenite which might occur after the deformation is
completed. The static recrystallization which can follow hot deformation has
been the subject of several investigations in recent years, (24, 29, 105,

107, 112, 113, 118, 130, 132, 133, 137-142). The recent work by Luton, et
al. (132) is particularly interesting and important. This study illustrates
the fact that Nb suppresses static recovery and recrystallization and also
indicates that both the Nb in solution and ¥MoCi particles play important
roles in these events. A typical set of results taken from the study of
Luton, et al., (132) 1is shown in Figure 51. The data illustrate the static
softening behavior of the base steel (C) and Nb-bearing steels with normal
(A and with very low (B) interstitial levels. The experiment consisted of
running hot compression tests at, in this case, 900 C and at a strain rate of

107! sec 1. The tests were interrupted after strains of 0.10, and the speci-
mens were unloaded and held at 900 C for various times after which they were

once again deformed. The extent of softening (fractional softening) was then
calculated from the two flow curves by the use of the following equation.
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Figure 49 - Influence of Ti and Nb on the deformation required
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where 9 is the yield stress during the prestraining, I, is the flow stress

just prior to unloading and 9y is the proof stress on reloading. The static

softening curves shown in Figure 51 exhibit either one or two sigmoidal
portions. The fTirst is interpreted to be static recovery and the second
static recrystallization. The data shown in Figure 51 indicate that the base
steel undergoes static recovery in about 5 seconds and static recrystalliza-
tion within the next 10 seconds. The two Nb steels also undergo static
recovery, although in much longer times. These steels, however, did not

undergo static recrystallization during the 103 second holding time used in

this experiment.

The precise manner in which Nb acts to retard static recrystallization
has been a point of controversy for some time. The original hypothesis,
based on electron metallography, was that &b acted to suppress static recry-
stallization by precipitating on the cell walls of the uncrecrystallized
austenite, hence keeping the structure from being able to form viable nuclei
for subsequent recrystallization, (95, 105, 116). The recent work of Jonas,
et al., (114, 121) and Luton, (132) in addition to some earlier studies (112,
113) have suggeted that it is, in fact, the Nb which is in solution which
retards recrystallization and it does this by slowing down the rate of static
recovery. It has been hypothesized that the retarding of recovery by Nb in
solution permits the precipitation of iGN to occur and further retard
recrystallization. The implication is that if the recovery process were not

retarded, the static recrystallization would occur before precipitation could
take place.

If static recrystallization can be avoided during the holding times
between rolling passes, for example, then the austenite will be able to store
more energy in the form of crystalline defects such as excess grain boundary
area per unit volume as well as a higher density of twins and deformation
bands. A good example of this effect is taken from the work of Kozasu, et
al., (16) and is shown in Figures 52 and 53. The increase in the effective
austenite interfacial area per unit volume leads to a larger number of sites
for ferrite nucleation during transformation, and, hence, to increased grain
refinement, This grain refinement is shown in Figure 54.

To summarize then, Nb acts to raise the recrystallization temperature
while also suppressing static recrystallization. This means that the addi-
tion of Nb to a ¢-tin-5i steel will lead to at least four benefits:

For the same sequence of rolling reductions,

(A) More passes will occur below the recrystallization temperature, and
the unrecrystallized austenite grains will be more highly elongated. This
will act to increase the grain boundary surface area per unit volume and will
lead to a larger number of sites per unit volume for ferrcite nucleation.

(8) The small thickness of the elongated austenite grain will put an
effective upper limit on the size of the resulting ferrite grains.

(¢) The density of crystalline defects inside the elongated austenite
grains will be higher and, hence, will lead to more sites for ferrite nuclea-
tion.

(D) Some of the austenite substructure will be transmitted into the
ferrite and will lead to extra strengthening. With the portion of substruc-

ture retained tending to increase with a decrease in transformation tempera-
ture.
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Figure 53 = Variation of effective interfacial area (S ) with
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Transformation Behavior

Circumstantial evidence that niobium may lower polygonal ferrite start
temperature was provided by Kazinczy, et al., (143) who observed the forma—
tion of widmansratten tarrite/batnite Structures in hot-rolled plate steels
with consequent disasterous effects on notch toughness. Later work by Ronn
confirmed that the continuous cooling transformation behavior was substan-
tially modified by niobium (144).

Niobium can increase the "hardenability" of austenite if it is in solid
solution in a manner similar to boron, but can decrease the hardenability if
it is out of solution as a result of austenite grain refinement. Further-
more, accumulation of strain (cold work) below the austenite recrystalliza-
tion temperature (controlled by niobium content) will increase they + o
start temperature, Figure 55 (16). Thus, in practice the exact transforma-
tion conditions will depend on a balance between the competing factors of
solution, reprecipitation, recovery and recrystallization and grain refine-
ment.

Transformation diagrams for a plain carbon and a 0.11 percent niobium
steel are shown in Figure 56 (145). The 0.11 percent Nb is essentially out
of solution after being reheated at 900 C; this precipitation would result in
grain refinement of the reheated structure, hence a lower hardenability than
the base steel. However, after reheating at 1300 C, the 0.11 percent Nb is
predominately in solution, and the resulting hardenability is much higher
than in the base steel. Comparison of the effect of niobium with that of

L s e e T ™ Jhaso
w
g o
w
wg 750 | g w
£ T
S S}
ock / i |
& < 700 & ss
=L Rolling w &
= w Symbol | Temperature | {1250 0
g z o 880°C. 2z
650 - a 800°C. [
g" o o 750°C. -
w
@ 41150
600 4 L -1 1 4 | ! I

010 2030 40 50 60 70

REDUCTION BELOW
RECRYSTALLIZATION TEMPERATURE, %

Figure 55 - Variation of the austenite-to-ferrite transformation tempera-
ture of 0.03 percent columbium steel with the deformation below
the austenitic-recrystallization temperature. The steel was
reheated to 1250 C, rolled at 850 C, and cooled at 25 C per
second between 800 and 500 C. The A (900 C heating 25 C per

second cooling) was 748 C. The initial grain size was 10.
The transformation temperature was measured on a modified thermal
analyzer. After Kozasu et al (16).



boron and molybdenum is shown in Figure 57. The rate of depression of the
austenite ferrite start temperature is about equivalent to the effects found
for optimum boron additions and is greater on a weight percent basis than
traditional "hardenability" elements such as molybdenum.

The utility of using niobium to lower austenite-to-ferrite start tempera—
ture is limited due to its relatively low solubility. Thus, lower carbon
contents and high reheating temperature will tend to maximize the effect,
especially for unstrained austenite. The competition between the effects of
solute niobium and austenite grain refinement are shown as a function of
reheating temperature in Figure 58 (56). The change in austenite-to-ferrite
start temperature is also austenite-grain-size dependent, Figure 59, (118)
and reaches a maximum at large grain size.

Thus, in normal hot-rolling situations the effect of niobium in lowering
the y + a transformation temperature will be strongly countered by the
reduction of niobium in solution as a result of strain-induced precipitation
and by the "grain refinement' which results from the accumulated strain in
the austenite (below the recrystallization temperature). This latter benefit
is related to the effective interfacial area of the strained austenite,
Figure 60 (16).

A crude quantitative measure of the effect of niobium on the ¥y » a start
temperature can, when it is in solid solution, be obtained from the intersec-

tion of cooling curves with continuous cooling transformation diagrams for
different steels. Available data from the literature are summarized in
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Figure 56 - Continuous—cooling—transformationdiagram for three
steels which contain 02 percent C and 12 percent Mn.
After Meyer (145).
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Figure 61, (23, 147-151). For a cooling rate of 55 C/sec, 0.03 percent

niobium lowers the ferrite start temperature by between 25 and 75 C. Note
that the data of Cochrane and Kirkwood (23) and Harrison (149) are from weld
metal where it is found that niobium modifies the as-cast microstructure

(23). The effects of this on weld metal properties depend on the microstruc-
ture and transformation behavior in the absence of niobium.
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Figure 61 - The influence of niobium or manganese in solution on
the lowering of the transformation start temperature.

It is interesting to note that on a weight percent basis, niobium is
about 10 times more effective than manganese in lowering ferrite start
temperature.

The importance of controlling the transformation temperature has been
discussed by Gray (152) and Wilson and Gray; (153) these studies have shown
that low transformation temperatures promote finer ferrite grains, larger
increments of precipitation hardening and higher yield strengths. Figure 62
shows these relationships.

There are several ways of obtaining low transformation temperatures.
One way is to maximize soluble Nb contents by using low carbon contents and
high reheating temperatures; this would ensure that a large amount of Nb
would be taken into solution during reheating. A portion of the Nb would be
precipitated as strain-induced ¥>Cd during hot rolling, but much of the Nb
would still be supersaturated in the austenite and could act to lower the
transformation temperature. Other elements, such as Cr, Mo, »n and Ni, can
also lower the transformation temperature, (154) as illustrated in Figure 63
for different ratios of M and Ni.

Practical use of these "hardenability" effects have been made in
producing several low-carbon bainitic steels (155-157).
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Substructure and Texture Effects

Recent trends toward lower finish rolling and transformation tempera-
tures have resulted in an increased awareness of the importance of substruc-
tural and textural strengthening in hot-rolled steels (34). The magnitudes
of these strengthening mechanisms relative to others is shown in Figure 64
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Figure 63 - Relationship between transformation temperature, nickel-
and manganese - content in low carbon niobium ssteels.
After Heisterkamp et al (5.
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Summary

The last quarter century has witnessed the evolution of microalloyed
HSLA steels, especially niobium-bearing steels, from being laboratory curi-
osities to being economically viable engineering materials. These steels
provide excellent mechanical properties at a low cost, and are, therefore,
attractive structural materials for the energy, transportation and construc-—
tion industries. An additional benefit of these steels is that they can
nearly always be used in the as-processed condition. This eliminates the
need for subsequent heat treatments; hence, these steels are relatively
energy non-intensive.

The attractive mechanical properties exhibited by these steels result
from the control of metallurgical microstructure. Research over the last two
decades has illustrated that the properties, i.,e. microstructure, of the
steel result from a complex interaction between steel composition and proces—
sing. The purpose of this paper has been to review some of the research that
has been conducted concerning the relationships that exist among composition,
processing and properties of these steels. Work of this type permits a
better understanding of contemporary HIA steels and, at the same time, shows
the way to more improved steels in the future.
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