Niobium Carbonitride Precipitation and
Austenite Recrystallization in Hot-Rolled

Microalloyed Steels

S. S. HANSEN, J. B. VANDER SANDE, AND MORRIS COHEN

The response of austenites to thermomechanical treatments is studied in a series of
niobium (columbium) HSLA steels. Interactions between composition, plastic deforma-
tion, strain-induced precipitation, and austenite recrystallization are described and
related to previous work in the field. Niobium in solution prior to deformation leads

to significant retardation of subsequent austenite recrystallization if Nb(C,N) precipi-
tation takes place prior to or during the early stages of recrystallization. Such strain-
induced precipitation proceeds in two stages: initially at austenitic grain boundaries and
deformation bands, and later on substructural features in the unrecrystallized austenite.
The latter precipitation is accelerated only if it occurs in the unrecrystallized austenite;

if recrystallization precedes Nb(C,N) precipitation, then the precipitation reaction is
much slower. Thus, the Nb(C,N) precipitation and austenite recrystallization reactions
are coupled phenomena. The conditions necessary for such an interaction are analyzed,
and it is proposed that the level of supersaturation of Nb(C,N) in the austenite at the
deformation temperature is a critical factor in determining whether or not an effective

interaction will operate at that temperature.

HIGH-STRENGTH, low-alloy (HSLA) steels consti-
tute a classical metallurgical development in which
alloying additions and thermomechanical processing
have been combined to attain desirable mechanical
properties through microstructural control. Such
process and compositional variations can develop
yield strengths typically in the range of 350 t0 700
MPa (50 to 100 ksi), thus doubling the corresponding
yield strength of mild steels. This increased strength,
coupled with good toughness and weldability, has re-
sulted in applications in transportation, pipeline, con-
struction, and pressure-vessel technologies.

As presently available, HSLA steels are predomi-
nantly low in carbon (0.05 to 0.15 pct) and are alloyed
with small quantities of strong carbide-forming ele-
ments such as niobium, vanadium or titanium.'’”* This
microalloying is intended to contribute to enhanced
mechanical properties primarily through ferritic
grain refinement, often supplemented by precipitation
and/or substructural (dislocation) strengthening. Al-
though recent comprehensive reviews dealing with the
dependence of properties on the microstructure of
microalloyed steels are available,®® in the present
context we need only highlight the following points.
Grain vefinement of the ferrite is the major mode of
strengthening in HSLA steels. Based on a Hall-Petch
type of strengthening increment,’ a decrease of fer-
ritic grain size from ASTM 6-8 (typical of hot-rolled
mild steels) to ASTM 12-13 (typical of HSLA steels)
is accompanied by an increase in yield strength of
about 210 MPa (30 ksi). Concurrently, grain refine-
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ment is the only strengthening mechanism available
in HSLA steels that simultaneously improves the
toughness.® Thus, if other mechanisms are employed
to raise the strength level, attaining the finest prac-
ticable ferritic grain size becomes even more im-
portant in order to compensate for the loss of tough-
ness that would otherwise be introduced.

Such control of the ferritic grain size is in itself
a complex subject, and has recently been considered
elsewhere.” For our purposes, it can be stated that
the finest ferritic grain sizes can be produced on
transformation from austenite which remains unre-
crystallized after hot rolling. Nb and other micro-
alloying additions are known to retard austenite re-
crystallization, and this fact, together with the de-
velopment of controlled rolling as a feasible commer-
cial process,® has stimulated research aimed at de-
fining the structural changes that occur in austenite
during hot rolling.

Numerous investigators have studied the high-
temperature deformation of austenite by means of
hot compression,®™® hot tension,**™*® hot torsion,*"*
and hot rolling,'*®® using a variety of techniques to
monitor austenite recrystallization. These papers
have generally shown a retarding effect of Nb on
austenite recrystallization, and have variously
ascribed this effect to ‘‘solute drag’’ or ‘‘precipitate
pinning.”” However, relatively few workers have
studied the concomitant niobium carbonitride
[Nb,(C,N)| precipitation, or examined the potential
interaction between this precipitation and the austen-
ite recrystallization. Watanabe et al’” used a wet
chemical technique on electrolytically-extracted pre-
cipitates to follow quantitatively the Nb(C,N) pre-
cipitation reaction in unrecrystallized and recrystal-
lized austenites. They found that the precipitation
kinetics are about an order of magnitude faster in
austenite that remains unrecrystallized after defor-
mation. More recently, Weiss and Jonas®®”*? studied
Nb(C,N) precipitation via hot compression testing,
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utilizing changes in the strain-to-peak stress (i.e.,
the strain required to initiate dynamic recrystalliza-
tion) to follow the reaction. They also observed ac-
celerated precipitation kinetics in deformed austen-
ites, up to two orders of magnitude faster when the
precipitation occurs dynamically.

LeBon et al'® used hot-torsion testing, determining
the austenite recrystallization metallographically,
and attempting to follow the Nb(C,N) precipitation
reaction via microhardness measurements on sam-
ples quenched after testing. Although the hardness
testing proved to be rather unreliable for defining the
precipitation kinetics, their recrystallization data
included two significant effects. A peculiar recrystal-
lization/ time/ temperature (RTT) curve was generated
for the 0.04 pct Nb steel studied, in that C-curve re-
crystallization kinetics were observed below 950°C.
While a slight retarding effect of Nb above 950°C was
ascribed to solute drag, the C-curve kinetics below
950°C were attributed to an interaction between re-
crystallization and strain-induced Nb(C,N) precipi-
tation, an idea which was later amplified by Weiss
and Jonas.*®*® Furthermore, LeBon et al*® clearly
showed that Nb in solution prior to deformation is
necessary for recrystallization retardation, inasmuch
as 4 to 5 nm precipitates existing prior to deformation
had no effect on the austenite recrystallization. More
recently, Hoogendoorn ef al,”® using single-pass roll-
ing, found a pronounced retardation of austenite re-
crystallization below 950°C. However, their RTT
diagram disclosed no C-curve kinetics, the rate of
recrystallization decreasing monotonically with de-
creasing temperature. Their Nb(C,N) precipitation
kinetics {followed by X-ray fluorescence of extracted
precipitates) were appreciably slower than reported
by Watanabe ef al,”" and there was no apparent inter-
action between the austenite recrystallization and the
Nb(C,N) precipitation.

The most recent work in this area by Davenport
et al*® has indicated no recrystallization in a 0.09 pect
Nb steel, deformed by single-pass rolling, at tem-
peratures below 1000°C. At the same time, the Nb(C,N)
precipitation reaction was followed semi-quantita-
tively by X-ray diffraction of extracted precipitates
and C-curve kinetics were found, the nose of the C-
curve lying above 980°C. With dark-field transmission
electron microscopy, Nb(C,N) precipitates were de-
tected on what appeared to be prior austenitic sub-
boundaries, in agreement with previous researchers®®
who had used this evidence to suggest that precipi-
tate pinning is the operative mechanism in retarding
austenite recrystallization.

The results of the foregoing papers may be sum-
marized as follows:

1. Niobium in solid solution prior to deformation
can lead to a marked retardation of austenite re-
crystallization, especially in the lower temperature
range of the austenitic phase field. This effect of
niobium is lost, however, if the niobium is precipi-
tated as Nb(C,N) prior to deformation.

2. When niobium acts to substantially retard aus-
tenite recrystallization, strain-induced precipitation
of Nb(C,N) is typically observed.

3. The data suggest that the retarding effect of
niobium on austenite recrystallization is due to a
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solute-drag or precipitate-pinning mechanism, but
unequivocal evidence for one or the other is still
lacking.

The present investigation is aimed at providing
further information on how the hot deformation of
austenite affects Nb(C, N) precipitation and how the
latter, in turn, influences the recrystallization pro-
cess in HSLA steels. In other words, we are speci-
fically concerned here with the nature of the inter-
action between strain-induced precipitation and
austenite recrystallization.

EXPERIMENTAL PROCEDURE
Processing of Steels

This investigation focussed on five steels, whose
compositions are shown in Table I, all prepared as
electric-furnace-melted 500-pound ingots.

The base composition (steel 1) was a low-carbon,
aluminum-killed steel containing 1.3 pct Mn. To this
base, increasing additions of niobium were made as
follows: (i) 0.03 pct—a typical commercial niobium
addition; (ii) 0.095 pct—based on published solubility
data,” this represents the maximum amount of nio-
bium that should be soluble at 1250°C in a 0.1 pct C,
0.01 pet N austenite; and (iii) 0.21 pct—here, at least
half of the niobium should remain undissolved at
1250°C.

Additionally, the effect of manganese as a compo-
sitional variable was investigated at the 0.03 pct Nb
level (steels 2 vs 5).

These steels were all laboratory hot-rolled on a
four-high reversing mill* to 12.5 mm (1/2 in.)-thick

*The material used in this investigation was supplied by Bethlehem Steel
Corporation, and was made and processed at the Homer Research Laboratories

plate, and air-cooled. For subsequent rolling experi-
ments, small specimens (37.5 mm X 18,75 mm X 12.5
mm) were cut from these plates, preserving the
original rolling direction, and sheathed thermocouples
were inserted at mid-thickness, about 12.5 mm in
from the rear of the sample.

The hot-rolling schedule adopted for this study is
illustrated in Fig. 1. All the specimens were initially
soaked for one hour to dissolve all or a portion of
the Nb(C,N) precipitates. Most experiments involved
a solutionizing temperature of 1250°C, although in
one case, steel 2 was also soaked at 1100°C. The
specimens were then transferred to a salt pot main-
tained at 950°C in order to bring the steel to the
selected rolling temperature. Five minutes in this
pre-rolling salt pot was chosen as a convenient time
for thermal equilibration, and should involve minimal
Nb(C,N) precipitation in the undeformed austenite.”’

Table 1. Compositions of Steels (Wt Pct)

Steel

No C Mn Si P S Nb Al N
1 0.11 1.30 0.25 0.009 0.003 <0.005 0.017 0.0085
2 0.11 1.35 0.26 0.008  0.004 0031 0.023 0.010
3 0.10 1.24 0.23 0.010 0.004 0.095 0.014 0.010
4 0.10 1.32 0.25 0.009  0.003 0.21 <0.010 0.010
5 0.11 1.99 0.23  0.007  0.004 0.029 0.026 0.010
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Fig. |—Temperature/time cycle for thermomechanical treatments
employed in hot-rolling experiments.

The specimens were then rolled in a single pass to
a 50 pct reduction using a two-high 381 mm (15 in.)
diameter laboratory rolling mill;* this step caused

*Assuming sticking friction,3! the mean stram rate was calculated to be about
2.6/s.

a temperature drop of about 130°C after some prior
adiabatic heating, as registered by the inserted ther-
mocouple. The deformed samples were then trans-
ferred to a post-rolling salt pot which was maintained
at temperatures from 800 to 950°C: thermal equili-
bration times ranged from 5 s at 800°C to 30 s at

900 and 950°C. The samples were held in this salt
pot for times up to 10,000 s, followed by quenching

in a 6 pct brine solution at 20°C. After such treat-
ments, the specimens were cut-up for metallographic
examination at the middle third of the rolled section.

Recrystallization Measurements

The austenite recrystallization was measured metal-
lographically by point counting on a longitudinal sec-
tion (containing the rolling direction and the rolling-
plane normal) of the brine-quenched specimens, with
the prior austenitic structure delineated in the marten-
sitic matrix in the following ways. For steels 2 to 4,

a small amount of ferrite formed at the prior austen-
itic boundaries, even on brine quenching, and 1 pct
nital for 4 to 5 s then worked quite well as the etchant.
However, in steels 1 and 5, no ferrite was detected

on quenching, and a hot eteh (50 to 60°C) for 5to 7
min in a solution of saturated aqueous picric acid

plus 2 vol pct of Trenamine W-35* was successful

*Trenamine W-35 is supplied by the Alco Chemical Corporation, Philadelphia.
PA. This is a commercial wetting agent, sodium alkyl sulfonate, and 1s similar to
the “Teepol” suggested in other investigations.'®

in bringing out the prior austenitic boundaries. The
latter etch produces a black surface film which is
then removed by swabbing in denatured alcohol. This
etching procedure was satisfactory for all samples
studied here, producing results equivalent to nital in
steels 2 to 4. However, because of the comparative
ease of etching with nital, the hot picric acid was only
used when necessary.

Nb(C,N) Precipitation Measurements

The precipitation of Nb(C,N) in the above samples
was monitored via particle-size distribution and par-
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ticle area-density measurements made on direct car-
bon extraction replicas, employing an analysis due to
Ashby and Ebeling.” In this method, the polished speci-
mens are first etched with 1 pct nital for about 3 s
and then a thin layer of carbon is evaporated onto the
etched surface, after which the samples are immersed
in 10 pet nital for up to 2 min. The carbon film is

next floated off by immersion in distilled water, col-
lected on a copper grid, and examined by electron
microscopy. The relevant measurements were made
on micrographs taken from different areas of several
replicas for each of the samples studied.

RESULTS
Structures Prior to Deformation

Since both the austenite recrystallization, and the
Nb(C,N) precipitation may be influenced by the aus-
tenitic grain size, and the amount of niobium in or
out of solution, the microstructures existing prior to
rolling were investigated by brine quenching directly
from the pre-roll salt pot. As shown in Table II, the
plain-carbon and 0.03 pct Nb steels are relatively
coarse-grained after solutionizing at 1250°C, while
the higher-niobium steels are progressively finer
grained. The finest austenitic grain size, however,
is produced in steel 2 (0.03 pct Nb), after soaking at
1100°C (~ ASTM6). Examination of carbon extraction
replicas revealed that no fine precipitates (<10 nm
in size) are present prior to rolling, and it is there-
fore concluded that all of the niobium dissolved at
the solutionizing temperature remains in solution
during the pre-roll equilibration period. On the other
hand, coarse undissolved precipitates are found in
the higher-niobium steels (3 and 4), and in steel 2
after solutionizing at 1100°C (Fig. 2). These undis-
solved carbonitrides inhibit grain coarsening at the
solutionizing temperature, as proposed by Zener™
and Gladman.** In fact, Gladman’s precipitate-pinning
model is in relatively good quantitative agreement
with these experimental observations .

The presence of undissolved carbonitrides in
steel 3 (0.095 pct Nb) following a 1250°C solution-
izing treatment is not consistent with Nordberg and
Aronsson’s solubility equation® which predicts com-
plete solution of this niobium content at this tempera-
ture. Thus, for purposes of calculation, the solubility
equation of Irvine et al’ has been adopted here. As-
suming a stoichiometric precipitate, Nb(C,N; - x) and

Table 11, Austenitic Grain Sizes and Dissolved Niobium Prior to Rolling

Austenitic
Solutionizing Grain Precipitate Niobium in
Steel Temperature, °C Size, um Size, um Solution, Pct*

1 (nil Nb) 1250 325 — nil
2 (0.031 Nb) 1250 405 - 0.031

1100 40 0.04 to 0.1 0.018
3(0.095 Nb) 1250 140 0.2t00.4 0.069
4 (0.21 Nb) 1250 55 0.2t00.4 0.072
5 (0.029 Nb) 1250 490 - 0.029

(1.99 Mn)

*These levels of dissolved niobium are based on the solubility equation pro-
posed by Irvine er al.?
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Fig. 2—Carbon extraction replicas illustrating the undissolved Nb(C, N)
phase (discrete black particles indicated by arrows) present prior to
rolling. (a) Steel 2, solutionized at 1100°C. (&) Steel 4, solutiomzed

at 1250°C. The samples were solutionized for 1 h, then held at 950°C
for 5 min and brine quenched.

considering the nitrogen as an equivalent atom pro-
portion of carbon, their equation can be written as:

12 6770
logio ([pct Nb] - [pct C+ ﬂ-pct l\;j) = 2,26 TR

The resulting level of niobium soluble in each of the
steels after solutionizing is shown in Table II. This
dissolved niobium turns out to be an important para-
meter in affecting the response of these steels to
thermomechanical processing, but the variation in
austenitic grain size and in the density of undissolved
carbonitrides should also be considered.

Microstructural Aspects of Austenite
Recrystallization

The microstructural changes occurring during roll-
ing were evaluated in samples quenched directly off
the rolls. A typical deformed structure is shown in
Fig. 3. In addition to the pancaking of the austenitic
grains, the rolling process produces a substantial
number of deformation bands in the as-rolled micro-
structure. These deformation bands are not uniformly
distributed, thereby demonstrating the heterogeneous
nature of the plastic deformation in rolling.

The initial stage of austenite recrystallization ap-
pears to be highly localized (Fig. 4), but not the early
site saturation that has been observed for other hot-
worked structures.® Recrystallized grains nucleate
predominantly at austenitic grain boundaries, and are
frequently observed at the intersection of three grains
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(Fig. 4(a) and (b)). Deformation bands, deformed twin
boundaries, and inclusions may also provide effective
nucleation sites. Although most of the recrystallization
centers are observed only after some degree of
growth, occasional highly-serrated austenitic bound-
aries are found (Fig. 4(c)), which may signal the
start-up of recrystallization at those places.

The progress of recrystallization is illustrated in
Fig. 5 for steel 3 (0.095 pct Nb). The start-up of re-
crystallization is highly nonuniform, and even as the
reaction proceeds, many of the prior austenitic
boundaries remain unactivated as nucleation sites.
The unrecrystallized areas are progressively con-
sumed as the recrystallization front migrates into
the unrecrystallized regions. Relatively rapid re-
crystallization kinetics are observed at 950°C; after
10,000 s, the reaction is virtually complete. Slower
rates are evident at lower temperatures, and in fact,
at 800°C, ferrite nucleation precedes any detectable
recrystallization in all the steels except for the nil-
niobium steel,
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Fig. 3—Micrographs of steel 3 showing structure (@) prior to rolling
(1250°C—1 h, 950°C—5 min), and () after hot rolling 50 pct at
950°C.
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Isothermal Recrystallization Kinetics

The volume fraction of austenite recrystallized is
plotted against time in Figs. 6 through 8 for all steels
held at post-rolling temperatures from 850 to 950°C.
The curves shown are not corrected for the heating
times required to attain a given holding temperature.
Although such a correction could be made from a
knowledge of the appropriate heating curve and the
activation energy for recrystallization, using the
method proposed by Wells,* it is dubious if a mean-
ingful activation energy could be determined for these
steels inasmuch as the mechanisms of recrystalliza-
tion, and hence the rate-controlling steps, vary with
temperature. Accordingly, the present data are
simply plotted against time in the post-roll salt pot,
noting that the thermal equilibration times were about
20 s at 850°C and about 30 s at 900 and 950°C.

The steels investigated here are usually unrecrys-
tallized in quenching off the rolls (i.e., within 2 s
after rolling); exceptions are the Nb-free steel, and
steel 2 solutionized at 1100°C. In these instances,
recrystallization either begins during rolling (dynamic
recrystallization) or with a negligible incubation time
after rolling (rapid static recrystallization). Consider-
ing the recrystallization/ time curves, it is obvious
that niobium retards the austenite recrystallization
kinetics at all the post-rolling temperatures employed,
However, the use of a lower soaking temperature, and
thus a reduced level of dissolved niobium prior to
rolling, in steel 2 drastically increases the recrystal-
lization kinetics at 950°C, although the rate is still
slower than that of the Nb-free steel.* These results

*In a related experiment which will be reported elsewhere, a 0.02 pct Nb sem
killed steel exhibited similar recrystallization Kinetics to steel 2 {1100°C solu-
tionizing temperature) at 950°C. On holding this semikilled steel at lower post-
rolling temperatures, however, the recrystallization rate was progressively retarded,
such that at 850°C the recrystallization rate was about three orders of magnitude
slower than in the Nb-free steel.

suggest that the amount of niobium in solution in this
steel prior to rolling is below a critical level neces-

METALLURGICAL TRANSACTIONS A

(b) (<}
Fig. 4—Micrographs of steel S illustrating the iitial stages of recrystallization (arrows) observed after hot rolling 50 pct at 950°C and holding at
850°C for 10,000 s.

sary for major recrystallization retardation at 950°C.
Apparently, 0.03 pct Nb in solution is effective in this
respect, whereas 0.018 pct Nb is not.

All the niobium steels solutionized at 1250°C behave
consistently at all post-rolling temperatures; the
recrystallization reaction is retarded significantly
by the niobium, and is virtually eliminated at 850°C.
At higher holding temperatures, the kinetics are
faster, but only at 350°C does signifiecant recrystal-
lization occur within the time frame considered here.
Among these niobium steels, steel 4 (0.21 pct Nb)
displays the fastest recrystallization kinetics (but
also had the finest austenitic grain size prior to roll-
ing), while steel 3 (0.095 pct Nb) exhibits the slowest
kinetics. No significant effect of manganese is found
at the two alloying levels; indeed, the recrystalliza-
tion kinetics of steels 2 and 5 are similar at all the
post-rolling temperatures studied.

As detailed previously, the austenitic grain size
and the density of undissolved carbonitrides varies
from steel-to-steel. While these undissolved car-
bonitrides appear too coarse to retard recrystalliza-
tion at the post-rolling temperatures, the particles
may have acted to accelerate recrystallization by
providing heterogeneous nucleation sites.”

The effect of austenitic grain size on the post-roll-
ing recrystallization kinetics is also difficult to ration-
alize, but an attempt can be made towards separating
the factors due to grain size, dissolved niobium, and
undissolved carbonitrides by assuming that the time
for 50 pct recrystallization is proportional to the
austenitic grain diameter prior to rolling. Cahn® has
derived such a relationship under conditions of grain-
boundary nucleation, site saturation, and a constant
growth rate—conditions which are not fulfilled in
these experiments. While recognizing these limita-
tions, we have adopted the above assumptions in order
to ascribe some order of magnitude to the various
possible contributions. On this basis, calculated
values (fg) are given in Table III, indicating the
factors by which the time to 50 pct recrystallization
would change if ‘‘normalized’’ to the grain size of
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steel 1. Similarly, based on the recrystallization/
time curves, and ignoring the aforementioned thermal-
equilibration times, the observed 50 pct recrystalli-
zation times can be compared by ratio (f,5s) with the
50 pct recrystallization time for the Nb-free steel.
Then, in a very approximate way, the effect of niobium
as a compositional variable (fNp) in these steels can
be obtained by taking fNb = fops/fgs- The values thus
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(d)

Fig. 5—Progress of recrystallization 1n steel 3 following 50 pct reduc-
tion by hot rolling at 950°C. (a) As-rolled. (») Rolled and held at
950°C for 100 s. (c) Rolled and held at 950°C for 1,000 s. (d) Rolled
and held at 950°C for 10,000 s. (e) Rolled and held at 800°C for
10,000 s. (Note: At 800°C, ferrite nucleation precedes austenite re-
crystallization).

determined are listed in Table III, and indicate that
the recrystallization kinetics are retarded substan-
tially by the amount of niobium dissolved in the aus-
tenite prior to rolling. In contrast, the undissolved
carbonitrides (0.2 to 0.4 um in size) do not appear
to affect the recrystallization kineties significantly,
considering that the fi, factors for steels 3 and 4
are rather similar.

METALLURGICAL TRANSACTIONS A



Time in Sait Pot (sec.)
Fig. 7—Course of austenite recrystallization at 900°C after hot rolling
50 pet at 950°C.

100

T = T
---1100°C, solutionized M~/ 73
c gg _——-I250°C,soluhonlzecy h o /
9 / /
I3 T=950°C i ! 4
= 60 2 .
=4 ! 2
2 / d s
5 4o / .
@ » ,)j o
2 ’, A 5 |
& 20 ,//, o%
o~ o] VY
I ! re 1
(o o 10 10° 10 0*
Time n Salt Pot (sec)

Fig. 8—Course of austenite recrystallization at 950°C after hot rolling
50 pct at 950°C.

Recrystallization-Front Growth Rates

Cahn and Hage!® have shown that the rate of a
transformation can be described by an expression of
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the form, dx/ dt = GS,, where dx/dt is the rate of trans-

formation on a volume basis, G is the average migra-
tion rate of moving boundaries, and S, is the inter-
facial area (per unit vol) between the transformed

Fig. 6—Course of austenite recrystallization at 850°C after hot rolling
S0 pet at 950°C.

and untransformed regions. This relationship has
been applied previously in studies of recrystalliza-
tion,®’*° and was employed in this investigation to
determine the migration rates of the recrystallization
fronts, particularly in steels where the recrystalli-
zation behavior differed markedly. In this connection,
the results for steel 2 (solutionized at 1100 and
1250°C) and steel 3 are presented to illustrate how
the recrystallization growth rate (at 950°C) varies
with the amount of niobium in solid solution prior to
rolling. As shown in Fig. 9, G is found to decrease
rapidly during the initial stages of recrystallization,
and then less so as the recrystallization proceeds.

In addition to these trends, the rates also decrease
with increasing niobium in solid solution prior to
rolling. The difference in effect between 0.018 and
0.03 pct Nb in solution is especially noteworthy.

Precipitation Processes in Hot-Rolled Austenites

The precipitation reactions occurring in these steels
on holding in the austenitic range subsequent to hot
rolling were studied by transmission electron micros-
copy of carbon extraction replicas. Precipitate-size
distributions and area densities were determined by
this technigue. Particles smaller than about 2 nm in
size could not be detected on the replicas, and hence
are missing from the volume fractions to be discussed.

On the assumption of spherical particles as ex-
tracted by the replicas, the precipitate volume frac-
tion, f, is given by:*

f= %[%3(354 + 034)]

where,

Table 111. Calculated Factors for Niobium Effect in Retarding Austenite Recrystallization at 950°C

Solutiomzing Niobium in

Austenitic Grain 50 Pct Recrystallization

Steel Temperature, °C Solution, Wt Pct Size, um [fgs] Time, s [£ops] be
1 1250 nil 328 [ 2.5 [1] -
2 1250 0.031 405 [1.25 2750 [1100] 880
1100 ~0.018 40 [012] 15 [6] 50
3 1250 0.069 140 [0.43] 4000 [1600] 3720
4 1250 0.072 55 [0.17] 1350 [540] 3180
5 1250 0.029 490 [1.5] 3250 {1300} 870

*be =fobs/fgs'
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Fig. 9—Recrystallization growth rate at 950°C 1n relation to volume

fraction recrystallized and amount of niobium dissolved 1n austenite

prior to 50 pct hot rolling at 950°C.

Ng = measured number of particles per unit area
on the extraction replica,

o = extraction efficiency; here the surface depth
replicated is taken as 2x4, and the extraction ef-
ficieney thus incorporates this variable,

x4 = arithmetic mean of particle diam,

04 = standard deviation from this mean.

Ashby and Ebeling® showed that, although the par-
ticle-size distribution is independent of the extraction
efficiency, the volume fraction clearly is not. Thus,
the technique was judged to be unsuitable for deter-

-
prs i __”"'"

mining the volume fraction of precipitates, especially
very fine precipitates, with any reasonable degree of
accuracy. However, if a parameter (K) is defined
such that K = N.(¥%4 + o%) = 6af/7, and if a is taken
to be roughly constant for the standardized replicat-
ing technique adopted in this study, then K becomes
proportional to the precipitate volume fraction and
can be used to follow the changes in the precipitate
volume fraction, at least in a semi-quantitative man-
ner.

The precipitation reactions in these steels are
found to be essentially of two types. In the Nb-free
steel, precipitates are observed only after long hold-
ing times, well after the austenite recrystallization
is complete. These precipitates are all fairly coarse
and relatively sparse (Fig. 10), and occur primarily
at prior austenitic grain boundaries. Analysis of
these precipitates in a scanning transmission electron
microscope (STEM) shows them to be aluminum-rich
and are thus believed to be aluminum nitrides. In the
niobium steels, there is an initial rapid precipitation
at prior austenitic grain boundaries and deformation
bands after rolling (Fig. 11(a)), and the particles
coarsen quickly on further holding. Later, a more
general precipitation sets in, mainly on prior aus-
tenitic subboundaries (Fig. 11(b)) in the unrecrystal-
lized austenite, in agreement with previous find-
ings.?®®*® These precipitates were identified by
energy-dispersive analysis in a STEM as niobium-
rich, and are thus taken to be Nb(C,N). The rate of
this matrix precipitation, as followed by measure-
ments of the K parameter on extraction replicas, is
found to depend on the temperature and the degree of
supersaturation, being faster at higher temperatures
and with larger amounts of niobium in supersaturated
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Fig. 10—Carbon extraction replica of aluminum nitride precipitates in the niobium-free steel 1 after hot rolling 50 pct at 950°C and holding at
900°C for 10,000 s. Insert shows fine AIN particles at a further magnification of 2.5 times.
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Fig. 1 1—Carbon extraction replicas of steel 3 hot rolled 50 pct at 950°C, illustrating (¢) Nb(C, N} precipitation along a prior austenttic grain bound-
ary after holding 10 s at 950°C, and (b) Nb(C, N) precipitation on prior austenitic substructure after holding 1,000 s at 900°C. In (@), some ferrite
1s also precipitated along a prior austenitic boundary, and 1s designated as “F”” in comparison with the martensitic matrix “M”. Inserts show fine

Nb(C, N) particles at a further magnification of 2.5 times.

METALLURGICAL TRANSACTIONS A VOLUME 11A, MARCH 1980-395



solution. On the other hand, the precipitation rate
is greatly retarded if recrystallization precedes the
precipitation.

Some of these effects are detailed in the following
sections.

Precipitation Kinetics in the 0.03 Pct Nb Steels

The Nb(C,N) precipitation processes in steels 2
and 5 (0.03 pct Nb, solutionized at 1250°C) were found
to be similar at 950°C, and so only steel 2 was eval-
uated at 850 and 900°C. The particle-size frequency
distributions, and the K parameter for steel 2, are
plotted in Figs. 12 and 13. The average particle diam-
eter for each frequency distribution is indicated by
arrows in Fig. 12, The precipitation reactions in these
steels can be summarized as follows:

At 850°C, the grain-boundary precipitation occurs
in about 100 s after rolling, and the matrix precipita-
tion begins soon thereafter. Based on the K para-
meter, this matrix precipitation appears to be essen-
tially complete after about 1,000 s. No significant
coarsening of the matrix precipitates is observed
even on prolonged holding at this temperature (Fig.
12). An average particle diam of about 3 to 4 nm is
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Fig. 12—-Precipitate-size frequency distribution curves for steel 2 after

solutionizing at 1250°C, hot rolling 50 pct at 950°C, and holding for

various time/temperature combinations. Arrows indicate the average

particle sizes for the respective distributions,
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Fig. 13—Plot of the K parameter (see text) as an index of the precipi-
tate volume fraction in steels 2 and 5, after solutionizing at 1250°C,
hot rolling 50 pct at 950°C, and holding for various time/temperature
combinations. Error bars represent = 2o from the average values.

retained, being possibly fine enough to provide some
degree of precipitation strengthening in any sub-
sequent transformation product.*’*# At 900 and 950°C,
similar patterns are followed, but with generally more
rapid kinetics, although there is considerable scatter
and overlap of the data. At these higher temperatures,
precipitation starts between 10 and 100 s, and par-
ticle coarsening takes place to about 5 nm and 8 nm
respectively in 10,000 s.

Markedly different precipitation kinetics are noted
in steel 2 on solutionizing at 1100°C, and holding at
950°C after hot rolling. Although some grain-boundary
precipitation is detected after 10 s, no significant
matrix precipitation occurs, even within 10,000 s.

For example, Fig. 14 compares the precipitate mor-
phologies after 100 s at 950°C in steel 2, previously
solutionized at 1100 and 1250°C. In the former in-
stance (about 0.018 pct Nb in solution prior to hot
rolling), no matrix precipitation is seen within 100 s
at 950°C,* while virtually complete recrystallization

*It should be noted that soaking steel 2 at 1100°C results in only a partial solu-
tion of the Nb(C, N) particles. The undissolved carbonitrides (see Fig. 2(5)) are also
in Fig. 14(a) (40 to 100 nm 1n size), along with some finer precipitates (4 to 10
nm) formed after rolling.

of the austenite has taken place. In contrast, sub-
stantial matrix precipitation occurs within this hold-
ing period in the sample solutionized at 1250°C (about
0.031 pct Nb dissolved prior to rolling), and the aus-
tenite recrystallization reaches only 20 pct completion.
This is a significant point: pronounced retardation of
austenite recrystallization is found to be associated
with Nb(C,N) matrix precipitation, while comparatively
little retardation is observed without such precipita-
tion. Apparently, with less than 0.02 pct Nb dissolved
in the austenite prior to hot rolling, the ensuing
Nb(C,N) precipitation kinetics are too slow for pre-
cipitation to occur prior to or during recrystalliza-
tion, even though the austenite is supersaturated at
this Nb concentration. Thus, the matrix precipitation,
which eventually sets in, then takes place in recrys-
tallized austenite, a process which is known to be
relatively slow.?”

METALLURGICAL TRANSACTIONS A



Fig. 14—Carbon extraction rephcas llustrating effect of solutionizing temperature (level of dissolved niobium prior to hot rolling 50 pct at 950°C)
on the Nb(C, N) precipitate morphology in steel 2 after holding at 950°C for 100 s. (a) Solutionized at 1100°C (~0.018 pct Nb in solution). (b)
Solutionized at 1250°C (0.031 pct Nb in solution). Inserts show NbB(C, N) particles at a further magnification of 2.5 times.
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Fig. 16—Plot of the K parameter (see text) as an index of the precipi-
tate volume fraction in steel 3 after solutionizing at 1250°C, hot roll-
ing 50 pct at 950°C, and holding for various time/temperature combi-
nations. Error bars represent * 20 from the average values.

398-VOLUME 11A.MARCH 1980

Precipitation Kinetics in 0.095 Pct Nb
and 0.21 Pct Nb Steels

Similar precipitation reactions at 950°C are ob-
served in these higher-niobium steels, previously
solutionized at 1250°C and hot rolled 50 pct at 950°C.
The relevant precipitate-size distributions and K
parameters for steel 3 (0.095 pct Nb) are presented
in Figs. 15 and 16. Here, boundary precipitation is
detected even on direct quenching off the rolls, and
the Nb(C,N) matrix precipitation reaction is also
faster compared to the 0.03 pct Nb steels. According
to Fig. 16, the matrix precipitation is essentially
complete between 100 and 1,000 s at 850 and 900°C,
and within about 100 s at 950°C. Additionally, no
appreciable particle coarsening occurs at 850°C (Fig.
15), while at 900°C the particles grow to an average
size of about 4 to 5 nm in 10,000 s. At 950°C, sub-
stantial particle growth takes place, and a duplex
particle size develops, seemingly due to preferential
coarsening of precipitates on either subboundaries
or dislocations. There is also some indication of a
duplex particle size forming in steel 2 at this tem-
perature (Fig. 12).

DISCUSSION
Recrystallization and Precipitation Reactions

Recrystallization/precipitation/temperature/time
diagrams can now be constructed, as shown in Figs.
17 and 18 for steels 2 and 3. Here, the start-up of
recrystallization (taken as 5 pect recrystallized) and
50 pct recrystallization are plotted, together with a
broad band representing the approximate time period
over which the Nb(C,N) matrix precipitation reaction
takes place. A line denoting the entré of grain-bound-
ary Nb{(C,N) precipitation is also shown. In both
steels, the Nb{(C,N) precipitation precedes the start
of recrystallization, although in steel 2 (Fig. 17) the
two processes are tending to overlap at 950°C. When
steel 2 is solutionized at 1100°C (diagram not shown),
the austenite recrystallization is completed at 950°C
prior to Nb(C,N) matrix precipitation. In this case,
while there is some retardation of the recrystalliza-
tion due to the dissolved Nb, this influence is minor
in contrast to the pronounced retardation when
Nb(C,N) matrix precipitation occurs prior to or during
the early stages of austenite recrystallization (Fig.
8). Consequently, the conspicuous reduction in re-
crystallization growth rate when the solutionizing
temperature is raised from 1100 to 1250°C (Fig. 9)
must be attributed primarily to precipitate pinning
rather than to solute drag.

In essence, then, there is a strong two-way inter-
action between austenite recrystallization and Nb(C,N)
precipitation after hot rolling: (a) the precipitation
reaction is accelerated by the substructure of the
unrecrystallized austenite (strain-induced precipita-
tion), and (b) the recrystallization process is retarded
by the matrix precipitation of Nb(C,N) particles on
austenitic subboundaries.

The following discussion relates to this recrystal-
lization/precipitation interaction.

METALLURGICAL TRANSACTIONS A
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Fig. 17—Recrystallization/precipitation/temperature/time (RPTT)
diagram for steel 2 after solutionizing at 1250°C and hot rolling 50
pct at 950°C.
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Effect of Nb(C,N) Precipitates on
Recrystallization Kinetics

The basic nucleation mechanism in recrystallization
is still unresolved,*® even in alloy systems which are
much simpler than the microalloyed steels under in-
vestigation here. Therefore, one should not expect
that the present results will discriminate between
such viable mechanisms as subgrain growth*** and
strain-induced boundary migration.***” On the other
hand, recrystallization-front growth-rate measure-
ments have been made here, and so we now direct
attention to this part of the recrystallization reaction.

The driving force (Fg) for recrystallization-front
migration can be estimated from the reduction in
stored energy per unit volume traversed by the re-
crystallization front, assuming that dislocation an-
nihilation is the operative process. On this basis,

Fpg is given by:*®

Fr =~ <u—;->(Ap),

where p is the shear modulus (~7 x 10* MN/m? for
steel), b is the Burgers vector (~2 X 107*° m), and
Ap is the change in dislocation density as the recrys-
tallization front moves along (taken to be about
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Fig. 18—Recrystallization/precipitation/temperature/time (RPTT)
diagram for steel 3 after solutionizing at 1250°C and hot rolling 50
pct at 950°C.
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10"*/m® for the hot-rolled austenites involved). Then,
Fgr = 14 MN/m®, in lme with similar order-of-mag-
nitude calculauons

Zener® originally pointed out that, in the presence
of a second phase, grain-boundary migration may be
inhibited because the second-phase particles replace
part of the grain boundary, and this increment of grain-
boundary area must be created if the boundary is to
move away from the particles. More recently, Glad-
man®® refined this idea, and derived a retarding force
of 47y for each such spherical particle, where 7 is
the particle radius, and y is the interfacial energy
per unit area of boundary. Thus, the retarding force
{Fp) due to precipitated particles per unit area of
boundary can be expressed as:

Fp = 4vyNg,

where N is the number of particles per unit area of
boundary.

If Fr < Fp, the interfaces will be completely
arrested, whereas if Fp >> Fp, the precipitates should
not have any significant effect on the boundary migra-
tion. However, if Fp > Fp and the magnitudes are
comparable, the boundary may then move, but at some
reduced overall velocity.

For a random dispersion of spherical particles
(radius 7 and volume fraction f), the number of par-
ticles per unit volume is given by:

szfa
4/3ny

Assuming that all particles having centers within a
distance v of the boundary will interact with the bound-
ary, then Ny = 27N, and

Fp = 4ry@N,) = 67f

Taking v =~ 0.7-0.8 J/m® in austenite,*® for the finest
average Nb(C,N) particles observed (+ > 2 nm), and
for the maximum precipitate volume fractions mea-
sured in these steels (4% 10~ 8.5 x 107, Fp =~ 0.3
to 0.6 MN,/m* for the assumed random dispersion.
This is a very small retarding force compared to the
previously estimated Fp ~ 14 MN/m’.

A more realistic assumption for the precipitate
distribution is that the particles lie on subboundaries
in the hot-worked structure. If the average subbound-
ary intercept is l, the surface area per unit volume
for such subboundaries is 2/1, and the number of
particles per unit subboundary area is given by:

Nv_3fl
Ns.p= 7 B

The precipitate-retarding force corresponding to this
case is:

31 \_ 3vfil
Fp = d =
» 477(8#) 207

Using values already given for ¥, 7, and f, and for
subboundaries of mean intercept [~ 0.5 um (from
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observations made in this investigation), Fp ~ 20
to 40 MN/m’.

Thus, with the precipitated particles located pre-
ferentially on subboundaries in the hot-rolled aus-
tenite, the precipitate-pinning force appears to be
of comparable magnitude to the driving force for
recrystallization growth. Correspondingly, the ob-
served Nb(C,N) particle sizes and volume fractions
are evidently in the right range to retard recrystal-
lization growth, with an increasing precipitate volume
fraction producing slower growth rates, as indicated
by Fig. 9. At the same time, the retarding force is
expected to be quite sensitive to particle size, varying
inversely as the square of the radius. This may ac-
count, at least in part, for the virtual completion of
recrystallization at 950°C where the particles coarsen
to an average diameter of about 8 nm in steel 2 and
13 nm in steel 3 after 10,000 s at temperature, in
contrast to the lack of any significant recrystallization
at 850°C where no particle coarsening is found even
on prolonged holding.

Another point to be noted here is that, for the pre-
cipitate volume fractions encountered, heterogeneous
precipitation on the scale of the substructure seems
to be essential for retarding the recrystallization
growth, and so plastic deformation plays an important
role in the geometry as well as the kinetics of pre-
cipitation. This may explain the finding of LeBon
ef al’® that Nb(C,N) precipitates existing prior to
the plastic deformation have no appreciable retarding
effect on recrystallization even though the particles
may be in the 4 to 5 nm diam range.

Interaction Between Nb(C,N) Precipitation
and Austenite Recrystallization

The interplay of precipitation and recrystallization
phenomena have been studied previously in cold-work
and annealed metals, for example by Kreye ef al in
Cu-Co alloys.?

For present purposes, the temperature dependence
of recrystallization kinetics can be represented
schematically by the recrystallization-start (Rg) and
finish (Rf) curves in Fig, 19. If a retarding interaction
comes into play, say between the recrystallization
process and a precipitated phase, the time curves for
the start and finish of recrystallization will be dis-
placed to RE and RY in Fig. 19, designating both an
increase in the incubation time for recrystallization

Temperature
/
7

LN
RS RY

log {time)
Fig. 19—Schematic recrystallization-start and finish curves (Ry and Rf)
illustrating the retardation effect of precipitates on the recrystalliza-

tion kinetics (Ré’ and Rf ).
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Fig. 20-—-Schematic precipitate-start C-curves illustrating the accelerat-
ing effect of plastic deformation on the precipitation kinetics (P vs
PD),
s

and a decrease in the subsequent recrystallization
rate.

Analogously, the start of precipitation can be rep-
resented schematically by the C-curve (P,) in Fig.
20, where T, is the equilibrium solubility temperature
for the operative precipitation process (Nb(C, N) in
austenite for the steels in this study). In the present
context, T, usually corresponds to the solutionizing
temperature or the solvus temperature, whichever
is lower. The introduction of new and potent nuclea-
tion sites by plastic deformation has the effect of
shifting the C-curve to shorter times (PD) in Fig. 20.

The recrystallization/ precipitation/ temperature/
time (RPTT) diagram in Fig. 21 is somewhat general-
ized, although it is based on experimental results ob-
tained in this investigation. It highlights the mutual
interaction of recrystallization (from Fig. 19) and
precipitation (from Fig. 20). Obviously, above T,
precipitation is thermodynamically impossible. Be-
low Ty, however, three interaction regimes are
possible. In regime 1, recrystallization is completed
before precipitation starts {even with the potential
accelerating effect of the prior plastic deformation)
and thus no interaction is achieved. Accordingly,
precipitation eventually takes place in the recrys-
tallized austenite along the P¢ curve. The recrystal-
lization process, preceding any such precipitation in
this case, is defined by the R and Ry curves.

In regime 2, although the initiation of recrystalliza-

@ ® ® ® Observed Recrystallization

———  Observed Precipifation

To PP
s ——
f S S
)
PS
2
T
® R
2
o
b
a
E
& |G ° e,
RS\ Rf

log {time}
Fig. 21—Proposed recrystallization/precipitation/temperature/time
(RPTT) diagram for a steel characterized by the precipitate solubility
temperature T,. Tg is the temperature below which there is maximum
interaction between the recrystallization and precipitation processes.
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tion precedes precipitation, the latter reaction sets

in before recrystallization is complete, and so the end
of recrystallization is delayed. Hence, in this regime,
precipitation starts along the PL curve, while re-
crystallization starts along the Ry curve, but ends
along R}J curve. In regime 3, precipitation takes place
before recrystallization (i.e., along the P2 curve),
and now both the start and finish of recrystallization
are delayed (to the RIS’ and R}J curves).

Over the three temperature regimes below 7T, the
start and finish of the recrystallization reaction are
designated by the solid circles in Fig. 21. Concurrently,
the precipitation reaction shifts from the P¢ curve in
regime 1 to the PL curve in regimes 2 and 3, as in-
dicated by the heavy lines. Regime 3 behavior is
desirable from the standpoint of maximizing the pre-
cipitation/recrystallization interaction and, therefore,
retarding recrystallization of the austenite.

In the present experiments, regime 3 behavior is
observed in steels 2 and 3 solutionized at 1250°C
(Figs. 17 and 18) at all the post-rolling temperatures
studied, although a transition to regime 2 seems near
in steel 2 at 950°C. However, steel 2 solutionized at
1100°C exhibits regime 1 behavior at 950°C. The pre-
cipitation/recrystallization interactions and, in fact,
the actual temperature ranges over which the various
regimes are operative are sensitive to the degree of
supersaturation or to the temperature interval be-
tween Ty and the post-roll holding temperature. Suf-
ficient supercooling is necessary for any interaction
to occur. But, if T, is too low, regimes 3 and even 2
may be cut off by austenite decomposition into fer-
ritic transformation products. It is suggested that a
critical degree of supersaturation may have to be
exceeded, given the hot-rolling conditions adopted
here, in order that the strain-induced precipitation
will occur rapidly enough to ‘‘head off’’ the austenite
recrystallization, as inregime 3. For example, we
have shown that 0,03 pet Nb in solution (plus 0.1 pct C
and 0.01 pct N) is sufficient for strain-induced pre-
cipitation to ensue and retard recrystallization of the
hot-rolled austenite at 950°C, whereas 0.02 pct Nb
{plus 0.1 pct C and 0.01 pct N) is not sufficient. These
two composifions correspond to supersaturation
ratios of 7.5 and 5 at 950°C respectively, based on
the Irvine ef ol solubility equation,” and so the afore-
mentioned critical supersaturation seems to fall be-
tween these limits for the particular conditions under
study.

CONCLUSIONS

The major findings of this investigation on Nb-
microalloyed steels can be summarized as follows:

1. Niobium in supersaturated solution prior to hot
deformation sets the stage for retardation of austenite
recrystallization; the degree of this retardation in-
creases with the concentration of dissolved niobium,
and with decreasing holding temperature. Although
the dissolved niobium per se may have some effect
on the recrystallization kinetics, the major retarda-
tion is due to Nb(C,N) precipitation, which results
in an increase in the incubation time for austenite
recrystallization as well as a much slower recrys-
tallization growth rate.
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2. Manganese variations in the range of 1.3 to
2.0 pct Mn appear to have no significant influence on
the austenite-recrystallization or Nb(C,N)-precipita-
tion kinetics in a 0.03 pct Nb steel.

3. Strain-induced Nb(C,N) precipitation from hot-
rolled austenite occurs in two stages: (a) initial pre-
cipitation at prior austenitic grain boundaries and
deformation bands, and (b) general matrix precipita-
tion on the substructure of the unrecrystallized aus-
tenite. If austenite recrystallization precedes the
precipitation, the latter then sets in relatively slowly
in the recrystallized matrix.

4. The fine Nb(C,N) matrix precipitates do not
coarsen on prolonged holding at 850°C. However, par-
ticle growth takes place at higher temperatures, and
prolonged holding at 950°C leads to a duplex precipi-
tate-size distribution.

5. The observed Nb(C,N) precipitate morphologies
are shown to be capable of providing recrystallization-
growth retarding forces comparable in magnitude to
the driving force for recrystallization. As a result,
the effects of particle size, volume fraction, and
degree of supersaturation prior to the hot working
can be rationalized.

6. The Nb(C,N)-precipitation and austenite-recrys-
tallization reactions are found to be coupled phenom-
ena, with the precipitation being accelerated (strain-
induced) by the substructure of the hot-worked (un-
recrystallized) austenite, and the recrystallization
then being retarded by the pinning effect of the pre-
cipitated particles. The degree of supersaturation
with respect to Nb(C,N) is believed to be a critical
factor in determining whether or not an effective
recrystallization/precipitation interaction will take
place at a particular temperature.
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