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This work describes the effect of Nb supersaturation in austenite, as it applies to the strain-induced 
precipitation potential of Nb(CN), on the suppression of the static recrystaltization of austenite during 
an isothermal holding period following deformation. Four low carbon steels, microalloyed with Nb, 
were used in this investigation. Three of the steels had variations in Nb levels at constant C and N 
concentrations. Two steels had different N levels at constant C and Nb concentrations. The results 
from the isothermal deformation experiments and the subsequent measurement of the solution be- 
havior of Nb in austenite show that the recrystallization-stop temperature (Te.xN) increases with in- 
creasing Nb supersaturation in austenite. Quantitative transmission electron microscopy analysis 
revealed that the volume fraction of Nb(CN) at austenite grain boundaries or subgrain boundaries 
was 1.5 to 2 times larger than Nb(CN) volume fractions found within the grain interiors. This high, 
localized volume fraction of Nb(CN) subsequently led to high values for the precipitate pinning force 
(FpTN). These values for Fpn~ were much higher than what would have been predicted from equilibrium 
thermodynamics describing the solution behavior of Nb in austenite. 

I. INTRODUCTION 

THE thermomechanical processing of microalloyed steel 
has been employed for some time in the production of plate 
and sheet material in order to optimize properties such as 
strength and impact toughness. E~-61 More recentlyy ,81 this 
technology has also been applied to the bar and forging 
industry with considerable success. The central feature of 
thermomechanically processed steel is the ultrafine grain 
size in the final product. This fine grain size is known to 
cause both high strength and high resistance to brittle frac- 
ture by cleavage. While achieving high strength in struc- 
tural steel is rather straightforward and well understood, 
achieving fine grain size is a more complex task related to 
the synergy which exists between the composition of the 
steel and its processing. It has been shown that the final 
grain size in pearlite-reduced steels is controlled by the met- 
allurgical condition and transformation temperature of the 
parent austenite. L9,~~ The metallurgical condition of the aus- 
tenite is comprised of  its grain size, composition, and crys- 
talline defects, while the transformation temperature is 
controlled by the composition and defect structure of the 
austenite, as well as the cooling rate33J 

The range in behavior of austenite during hot deforma- 
tion is exhibited schematically in Figure 1. This figure 
shows the influence of both deformation temperature (T~) 
and amount of strain on the microstructure of statically re- 
crystallized austenite. It can be observed from Figure 1 that 
for constant deformation variables such as strain, strain rate, 
and interpass holding time, the austenite microstructure will 
be completely recrystallized at high deformation tempera- 
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tures (i.e., when T > T95 p~t)- Multipass hot deformation se- 
quences which end in this regime and where there is a 
pre-existing pinning force to suppress grain coarsening are 
entitled recrystallization controlled rolling (RCR) practices. 
Hence, the distinguishing feature of RCR processing is hav- 
ing a pre-existing pinning force (precipitate or solute) that 
is small enough to allow for static recrystallization to occur 
but large enough to suppress grain coarsening. 

As the deformation temperature is decreased (T95 pc, > T 
> T~ p~,) such that the progress of recrystallization becomes 
increasingly difficult, a partially recrystallized microstruc- 
ture is observed. This microstructure is often referred to as 
being duplex because of a nonuniform grain size. Finally, 
a completely unrecrystallized microstructure is present 
when deformation occurs below the recrystaUization-stop 
temperature of austenite, T ~  (i.e., when T _< T 5 pc,). Mul- 
tipass hot deformation sequences which occur largely in 
this regime are entitled conventional controlled rolling 
(CCR) practices. For a fixed rolling schedule which in- 
cludes a specific number of roughing and finishing passes, 
the higher the T~xN, the larger will be the amount of rolling 
strain imparted in the nonrecrystallization region. Earlier 
workt3~ has shown that the density of the near-planar crys- 
talline defects (i.e., grain boundaries, deformation bands, 
and twin boundaries), labeled Sv, increases with increasing 
deformation in the nonrecrystallization region. Since these 
defects act as nucleation sites for proeutectoid ferrite during 
subsequent cooling, there is a strong relationship between 
the final ferrite grain size and Sv .~1,~2,~3J The addition of 
microalloying elements such as niobium, titanium, and va- 
nadium is known to increase T~rN, with niobium having the 
strongest effect per atomic percent additionJ 2 u Hence, ni- 
obium bearing steels with high TRx~ and high Sv values are 
known to have a very fine ferrite grain size. 

Despite nearly 30 years of research, controversy still re- 
mains concerning how the microalloying elements act to 
increase the T~N. In particular, the basic question remains 
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Fig. 1--Schematic illustration of austenite microstructures resulting from 
various deformation temperatures (T,) at a constant level of  strain. 

Table I. Comparison of Expressions for Both N~ and Fpl N 
from Each Precipitate Pinning Force Model 

Model Ns* FprN* Reference 

Rigid boundary (R) 3f~ 6~fv 37 
2 7rt a 7rr 

Flexible boundary (F) 3f~ 2/3 3O-fv 2/3 11, 38 
4 7rr 2 ~-r 

Subgrain boundary (S) 3f~ 3~rf~ 19 
8 ~'r 3 2 7rr 2 

*f~ = precipitate volume fraction; and e = average subgrain 
boundary intercept distance. 

as to how the microalloying elements act to retard the static 
recrystallization of austenite that would otherwise occur in 
plain carbon steels during the interpass holding times. The- 
ories involving solute drag E~a81 and precipitate pin- 
ning ~L12,~9-251 mechanisms have been proposed. The 
purposes of this present study are to investigate the mag- 
nitude of the pinning forces developed by strain-induced 
precipitation and to compare this pinning force with the 
magnitude of the driving force causing recrystallization. 

A. Driving Force for Recrystallization 

Microscopic examination has revealed that sites favored 
for recrystallization nuclei include grain boundaries, phase 
interfaces, twin boundaries, deformation bands, and the sur- 
face of the material.1261 A widely accepted mechanism for 
the nucleation of recrystallization is the strain-induced 
boundary migration model.I2~3:~ This model, which is ap- 
plicable for low amounts of strain, was originally put forth 
by Beck and Sperryt30.3~l and was subsequently advanced 
through the work of Bailey and Hirsch. t321 In this model, 
the driving force for recrystallization is the difference in 
volume strain energy (i.e., dislocation density) between ad- 
jacent austenite subgrains.tZ61 This model proposes that aus- 
tenite grains of low dislocation density will "bulge" into 

grains of high dislocation density, t29] Quantitatively, the 
driving force for recrystallization (FRxN) based on this 
model can been described by t28-321 

/~b 2 A p  
F~N = - -  [1] 

2 

where ~ is the shear modulus of austenite, b is the Burgers 
vector, and Ap is the change in dislocation density associ- 
ated with the migration of the recrystallization front into 
the deformed region. Although Eq. [1] shows no direct tem- 
perature dependence, it will be indirectly influenced by 
temperature through the Ap term. With increasing temper- 
ature, Ap will become smaller due to a number of factors, 
including an increasing number of operative slip systems 
and more extensive dynamic softening. I33,341 Hence, the FRXN 
will decrease to some degree with increasing temperature. 

B. Precipitate Pinning Force Models 

Investigations regarding the retarding effects of second- 
phase particles on a migrating grain boundary can be traced 
back to the 1940s, with the original work by Zener.t35] He 
postulated that when particles were present in the vicinity 
of a grain boundary, the effective grain boundary energy 
would be lowered. This reduction in grain boundary energy 
occurs because the surface area of the second-phase parti- 
cles effectively replaces a portion of the grain boundary. 
Therefore, the motion of a grain boundary away from par- 
ticles would require work due to an effective increase in 
grain boundary area. {36] This original work was later ex- 
pandedI37~ to consider the motion of grain boundaries 
through a regular array of particles per unit area (N,). 
Hence, the total precipitate pilming force (Fp~N) that an array 
of particles of radius r exerted on a migrating boundary 
was expressed as 

Fp, N = 4 ro'N, [2] 

where o- is the interfacial energy per unit area of boundary. 
From this early work, three models were postulated to 

explain how microalloy precipitates could suppress austen- 
ite recrystallization.rH,J9,37,381 The resulting expressions from 
each model are presented in Table I. Although each model 
presented in Table I is based upon the general form of Eq. 
[2], they differ from one another by the method by which 
Ns is calculated. The rigid boundary model defined N~ 
through the assumption that the motion of a rigid grain 
boundary is capable of interacting only with those particles 
lying within _+ r of the boundary plane.[ 37~ In contrast, the 
flexible boundary model defined N, by assuming that an 
infinitely flexible boundary was capable of interacting with 
every particle of radius r within a single plane of a three- 
dimensional array until fully pinned.rH.38] The subgrain 
boundary model is the most recent and considered the effect 
of a precipitate distribution which could exist on austenite 
subgrain boundaries prior to the start of recrystallizationY 91 

Austenite recrystallization will be suppressed by microal- 
loy precipitates when FpIN > FRxs. In general, order of 
magnitude calculations based on Eq. [1] and the expres- 
sions shown in Table I showed that the difference between 
Fpt N and F~xN was not large, tt~J91 Hence, these precipitate 
pinning force models indicated recrystallization would not 
be completely suppressed, whereas high resolution micros- 
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Table II. Steel Compositions in Weight Percent 

Composition in Weight Percent 

Element E0 E1 E2 E3 E4 

C 0.090 0.090 0.080 0.080 0.080 
Mn 1.490 1 . 4 9 0  1 . 4 7 0  1 . 4 4 0  1.430 
P 0.009 0.009 0.009 0.008 0.010 
S 0.006 0.012 0.006 0.006 0.006 
Si 0.410 0.410 0.410 0.400 0.290 
Nb - -  0.049 0 . 0 4 8  0.020 0.090 
N 0.008 0 . 0 0 8  0.024 0.008 0.008 

copy studies [21,~3,24'39,4~ have shown otherwise (i.e., indica- 
tive of a situation where Fp~N > F~N). 

The failure of these models to predict an adequately large 
Fp~N has been rationalized by some investigators t23~ by the 
idea that a high volume fraction of  precipitates beyond the 
resolution of previous transmission electron microscopy 
studies may be present. Therefore, a large number of fine 
precipitates with small interparticle spacings would lead to 
a higher Fp~N. In addition, others [22,24] have speculated that 
perhaps a higher than expected volume fraction of precip- 
itate may be concentrated in the vicinity of the potentially 
migrating subgrain boundary. The assumption of a uniform 
distribution of particles was inherent in each model because 
of the incorporation of equilibrium thermodynamics in the 
form of  solubility products which employed bulk compo- 
sitions. From the solubility products, precipitate volume 
fractions were calculated for a given deformation temper- 
ature. However, if a uniform particle distribution is as- 
sumed, the volume fraction of precipitate at the austenite 
subgrain boundary, where the precipitate would be most 
effective in retarding recrystallization, would be identical 
to the volume fraction throughout the bulk matrix. 

Some investigations, t2~ incorporating electron mi- 
croscopy, have shown the distribution of Nb(CN) precipi- 
tation to be localized, showing increased numbers of  
particles on what appear to be prior-austenite grain bound- 
aries, subgrain boundaries, and deformation bands. In light 
of these investigations, it has been postulated t24~ that prior 
to the precipitation of Nb(CN), there may be a segregation 
of solutes toward these microstructural inhomogeneities in 
austenite. Upon precipitation, a higher localized volume 
fraction of  Nb(CN) would yield a higher pinning force than 
those previously calculated assuming a uniform initial sol- 
ute and subsequent particle distribution. 

The goal of this research program was to measure the 
Fp~N resulting from a volume fraction of Nb(CN) localized 
around austenite grain or subgrain boundaries. This pinning 
force is subsequently related to the experimentally meas- 
ured solute supersaturation of Nb in austenite. 

II. EXPERIMENTAL PROCEDURE 

This investigation involved the use of a series of low 
carbon, silicon-killed laboratory-melted steels having com- 
positions as shown in Table II. Details regarding the choice 
of steel composition and their primary processing are de- 
scribed elsewhere541~ Four grades of steel (El through E4) 
microalloyed with niobium were developed based on the 
reference steel E0. Three of these steels (El, E3, and E4) 
displayed similar nitrogen levels with varying niobium con- 

centrations. The fourth steel (E2) displayed a Nb level sim- 
ilar to that of steel E1 but contained 3 times the nitrogen 
concentration. Hence, using any of  the existing solubility 
relations for Nb(CN) in austenite or other direct experi- 
mental techniques, ~25,4u these steels should display three dif- 
ferent forms of Nb solution behavior in austenite. 
Consequently, if similar reheating and deformation temper- 
atures are employed, each steel would be expected to have 
a different Nb supersaturation at any given temperature. 
Since the Nb supersaturation in austenite is directly related 
to the driving force for precipitation, these steels should 
yield evidence as to the role of precipitate supersaturation 
in the suppression of austenite recrystallization through the 
formation of strain-induced precipitation. 

Static Softening Studies 

Isothermal hot compression studies were conducted using 
an MTS-458 unit modifiedE421 for deformation under con- 
stant true strain rate conditions. Compression specimens 
consisted of right circular cylinders having a height of 19.1 
mm and a diameter of 12.7 mm. Initially, compression 
specimens were encapsulated in quartz tubes and backfilled 
with argon. A two-stage reheating cycle involving both a 
box furnace and a clam-shell, radiation furnace mounted on 
the upper frame of the MTS was used. The encapsulated 
specimens were austenitized in the box furnace at 1250 ~ 
for 1 hour. Immediately following this soak time, speci- 
mens were water quenched in an iced brine bath so that the 
microstructure of  the austenite at 1250 ~ could he retained. 

Within the radiation furnace of the MTS unit, specimens 
were again reheated to 1250 ~ and held for 3 minutes. 
Prior to the placement of specimens between the dies of 
the compression unit, both the upper and lower surfaces of 
each specimen were coated with a water-based glass lubri- 
cant used to minimize adverse friction effects. 

Following the 3-minute reheat at 1250 ~ each specimen 
was forced air cooled at a rate of ~30 ~ to one of  the 
five possible temperatures at which point deformation was 
immediately commenced. The five deformation tempera- 
tures (1100 ~ 1050 ~ 1000 ~ 950 ~ and 900 ~ 
used in this study are typical of those employed in the plate- 
rolling industry. Similarly, the deformation parameters, el 
= e2 = 0.3, delay time ~ to = 10 s, and k = 10 s -1, are 
typical of  industrial plate-rolling practice. 

The deformation sequence described previously is com- 
monly referred to as a "double-hit" testt241 and was de- 
signed to measure the overall fractional softening of 
austenite under the prescribed delay time of 10 seconds. 
The fractional softening of  austenite was measured for each 
deformation condition based upon the area calculated be- 
neath the flow curves. The details of  this technique have 
been described elsewhere, t24,25,431 At this point, it should be 
stated that both the hot flow curves and the microstructures 
of the as-deformed and quenched specimens indicated that 
dynamic recrystallization did not occur for any of the steels 
tested at a strain rate of  10 s-L Under these test conditions, 
dynamic recrystallization was not observed even for the 
highest deformation temperature of 1100 ~ This is note- 
worthy in that the following results will exclusively be a 
measure of austenite softening or hardening by static or 
interpass events such as recovery, recrystallization, and pre- 
cipitation. 
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Quantitative optical microscopy was performed on all 
steels to measure the prior-austenite grain size and austenite 
grain aspect ratio. This was done to complement the me- 
chanical softening data. Additionally, quantitative electron 
microscopy was performed on carbon extraction replicas to 
determine the size and volume fraction of Nb(CN) precip- 
itates. These studies were confined to steels E3 and E4 after 
isothermal compression at various temperatures. The 
regions of interest for both of these steels were the austenite 
grain boundaries and grain interiors. Particle size measure- 
ments were performed on at least 50 particles for each con- 
dition. The volume fraction of particles was calculated 
according to the method of Ashby and Ebeling ~44~ and 
Kelly.[ 45] 

III. RESULTS AND DISCUSSION 

A. Recrystallization-Stop Temperature of Austenite 

The percent fractional softening for all steels is shown 
in Figure 2. It is apparent that for each steel, the amount 
of fractional softening observed within the 10-second hold- 
ing time decreased with decreasing temperature. In fact, all 
steels except E0 and E3 exhibited fractional hardening at 
the lowest deformation temperature of 900 ~ It is impor- 
tant to note that since the amount of fractional softening 
was measured from mechanical testing data, this softening 
corresponds to the total net softening of austenite during 
the 10-second delay. Hence, the total softening would be 
comprised of all static events: softening due to recovery 
and recrystallization plus hardening due to precipitation. 
However, since the stacking fault energy of austenite is 
relatively low (75 mJ/m2), softening attributed to recovery 
processes would be limited because of the difficulty for 
dislocations to cross-slip or climb. [46~ Therefore, the overall 
fractional softening, as depicted in Figure 2, would largely 
be expected to reflect the softening due to static recrystal- 
lization. In fact, previous work [13,14,~51 has shown that static 
recovery processes may comprise anywhere from 15 to 20 
pct of the overall softening behavior of austenite. 

Employing the criterion that 20 pct of the overall soft- 
ening is due to recovery, the TRXN for each steel can readily 
be obtained from Figure 2. All softening greater than 20 
pct can be attributed to static recrystallization. As the de- 
formation temperature increases and particles begin to 
coarsen and possibly go into solution, accelerated recrys- 
tallization kinetics are observed.[24~ Therefore, the conver- 
gence of the curves in Figure 2 above 85 pct fractional 
softening is indicative of complete recrystaUization for the 
delay time of 10 seconds. Hence, recrystallization-stop tem- 
peratures (temperatures corresponding to T 5 p~,, Figure 1) of 
942 ~ 971 ~ 999 ~ and 1030 ~ were obtained for 
steels E3, El, E2, and E4. The results shown in Figure 2 
are unique in that the fractional softening of austenite is 
measured as a function of deformation temperature at a 
constant delay time. The delay time of 10 seconds was cho- 
sen to represent plate-processing conditions. However, de- 
lay times of 1 or 100 seconds could have also been selected 
to represent a strip-rolling or open-die forging operation, 
respectively. 

The fractional softening data shown in Figure 2 were 
further complemented using quantitative metallography. 
This was necessary to verify the correspondence between 
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Fig. 2 - -Percent  fractional softening o f  austenite as determined from 
interrupted compression testing. 

20 pct fractional softening and T~N. All steels showed good 
agreement between microstructure and mechanical soften- 
ing data. At temperatures below the respective T~,.~ (cor- 
responding to the temperature where 20 pct fractional 
softening was measured after a 10-second holding time) for 
each steel, prior-austenite grains are completely unrecrys- 
tallized. These grains were elongated in a direction which 
was perpendicular to the axis of compression. This behavior 
can be observed for the series of microstructures repre- 
sented in Figure 3 for steel E4. The TRX~ for steel E4 was 
measured as 1030 ~ from interrupted compression testing. 
The microstructure corresponding to a deformation temper- 
ature of 1000 ~ indicates completely unrecrystallized 
prior-austenite grains. The microstructure corresponding to 
1050 ~ exhibits a predominantly recrystallized microstmc- 
ture. However, the appearance of unrecrystallized grains 
can also be detected at 1050 ~ At the next highest defor- 
mation temperature of 1100 ~ a completely recrystallized 
microstructure is observed. The sequence of microstmctu- 
res for steel E4 suggests that the temperature range (T95 pc, 
> T > /'5 pet) where partial recrystallization can occur is 
narrow. This temperature range is no greater than 70 ~ for 
any of the steels tested (i.e., T95pc t - Tspct _< 70 ~ In fact, 
the austenite grain aspect ratios shown in Figure 4 indicate 
that this temperature range lies between 30 ~ and 70 ~ 
depending on the steel composition. This temperature was 
determined from the point where the curves deviated from 
an aspect ratio of tmity. Note that at the highest deformation 
temperature, all steels have aspect ratios which are approx- 
imately 1.05, signifying a fully recrystatlized microstmc- 
ture. Similarly, each steel has a comparative aspect ratio 
(~2.35) at 900 ~ resulting from identical amounts of de- 
formation below the T~cN. 

At intermediate deformation temperatures, the variation 
in aspect ratio is easily observed. It is noteworthy that for 
each steel, the suppression of recrystallization (e.g., T~rN) 
corresponded to an aspect ratio between 1.5 to 1.7. This 
was supported by both the mechanical softening data and 
quantitative metallography. 
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Fig. 3--Microstructure of  steel E4 at respective deformation temperatures. Microstructures were obtained after reheating to 1250 ~ and interrupted 
compression testing at a strain rate of  10 s -j. This steel had a TRx N of  1030 ~ as measured from static softening studies. 

Fig. 4~Austeni te  grain aspect ratio of  microalloyed steels vs deformation 
temperature. 

Table III. Niobium Supersaturation in Austenite as a 
Function of  Deformation Temperatnrd 4n 

Deformation Nb Supersaturation (Wt Pct�9 100) 
Temperature (~ E 1 E2 E3 E4 

900 4.52 3.86 2.00 7.63 
950 4.26 3.38 1.82 6.81 

1000 3.32 2.86 1.20 5.23 
1050 2.44 2.30 0.63 4.04 
1100 1.62 1.66 O. 10 3.23 

In a related investigation,[25.4~l the amount of Nb in so- 
lution in austenite was experimentally determined using 
atom probe analysis. Using these data, it was possible to 
determine the Nb supersaturation in austenite, [Nb]s s, using 
the relation 

[Nb]s~ = [ N b l r -  [Nb] E [31 

where the terms [Nb]r and [Nb], represent the amount of 
Nb in solution in austenite at the respective reheating and 
deformation temperatures. The results of this analysis are 
shown in Table III for each microalloyed steel. If the frac- 
tional softening data and the quantitative metallographic 
data are combined with the results of Table III, some in- 
teresting behaviors can be noted. These results are sum- 
marized in Figure 5, which depicts the Nb supersaturation 
in austenite at the respective T~x N of each steel. Figure 5 
shows that the Nb supersaturation at the TRxN varies with 
each steel and is dependent on the initial steel composition. 
A similar difference would be observed if the data had been 
normalized about the respective initial Nb concentration of 
each steel. 

An earlier investigationt~gI had suggested that a critical 
Nb supersaturation must be exceeded for strain-induced 
Nb(CN) precipitation to retard austenite recrystallization. 
Furthermore, it was suggested that the suppression of re- 
crystallization was associated with similar Nb supersatura- 
tion ratios, where the supersaturation ratio was defined as 
being the solubility product of Nb(CN) in austenite at the 
reheating temperature to the solubility product of  Nb(CN) 
in austenite at the deformation temperature. In this previous 
investigation, the solubility product of Nb(CN) was calcu- 
lated using the expression of  Irvine e l  al .  I1] Accordingly, 
the two steel compositions in this previous investigation 
exhibited supersaturation ratios of 7.5 and 5 when reheated 
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to 1250 ~ and deformed at 950 ~ It has been s h o w n ,  [25,41] 

however, that there is no unique solubility expression which 
adequately relates the solubility of Nb in austenite for var- 
ious steel compositions. In fact, C u d d y  IH] calculated the Nb 
supersaturation ratios at the respective TRXN of several steels 
rather than at the deformation temperature. He subsequently 
found that the supersaturation ratios were not constant but 
ranged between 5 and 40. He did, however, express uncer- 
tainty in his results because of the calculation of soluble 
Nb in austenite from published solubility products. [47] Al- 
though Cuddy based his calculations on solubility products, 
the results from his investigation compare favorably with 
the results of the present study. If Nb supersaturation ratios 
were calculated from the atom probe data, ratios of 9.3, 
6.2, 4.6, and 5.5 would be attained at the TRXN for steels 
El, E2, E3, and E4, respectively. 

Although the suppression of austenite recrystallization is 
not associated with a unique Nb supersaturation, an inter- 
esting trend can be observed from Figure 5. This trend is 
that increasing recrystallization-stop temperatures are as- 
sociated with increasing Nb supersaturation in austenite. 
The exception to this trend is found in steel E2. This steel 
had the same initial Nb concentration as steel E1 but had 
3 times the nitrogen concentration. This increased N con- 
centration provided for higher precipitate stability. [4q 
Therefore, at the reheating temperature of 1250 ~ steel 
E2 had significantly less Nb in solution in austenite than 
steel El. Hence, for the same reheating and deformation 
temperature, steel E2 would have a smaller Nb supersatu- 
ration than steel El. The reason that steel E2 exhibits a 
higher TR_XN than steel E1 is most likely due to an increased 
amount of undissolved particles in addition to the strain- 
induced precipitation of Nb(CN). 

B. Quantitative Description of Nb(CN) Dispersions in 
Austenite 

Transmission electron microscopy studies on steels E3 
and E4 revealed a localized distribution of Nb(CN) in aus- 
tenite. An example of this localized distribution is shown 
in Figure 6, which is similar to the results found in earlier 
studies on this form of precipitation, fz~ Figure 6 shows 
a centered dark-field micrograph depicting Nb(CN) precip- 
itates in steel E4 which was deformed at 10 ~ below the 
TRx~ of 1030 ~ It is clear from both of these microstruc- 
tures that the Nb(CN) precipitates are highly localized. Fig- 
ure 6 shows evidence of precipitates in close proximity to 
the remnant of a grain boundary. Quantitative microscopy 
of this steel at various other deformation temperatures fur- 
ther indicated that the volume fraction of Nb(CN) decreased 
with increasing deformation temperature. This behavior is 
illustrated for steel E4 in Figure 7. 

The measured data of Figure 7 can further be compared 
to what would have been predicted from equilibrium ther- 
modynamic calculations, incorporating a mass balance on 
a Nb(CN) precipitate of fixed stoichiometry. A comparison 
between this equilibrium volume fraction (EQ) and the ex- 
perimentally determined volume fraction for steel E4 is 
shown in Figure 7. In this figure, " B "  represents the vol- 
ume fraction of precipitate at austenite grain boundaries and 
" M "  represents the volume fraction of precipitate in the 
matrix or grain interiors. It is clear from Figure 7 that the 
equilibrium volume fraction lies between the experimen- 
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Fig. 5--Nb supersaatration in austenite at the respective recrystallization- 
stop temperatures for steels E1 through E4. 

tally determined volume fractions at austenite grain bound- 
aries and grain interiors. This was true for any deformation 
temperature. Similar results were recorded for steel E3. Us- 
ing a subgrain boundary pinning force model, the high vol- 
ume fraction of Nb(CN) that was measured from the 
austenite grain boundaries would lead to high pinning 
forces. These pinning forces were significantly higher than 
those predicted from equilibrium thermodynamics (and the 
inherent assumption of a constant Ns). 

C. Relationship between Feacu and Fpl N 

Figure 8 shows the variation of both FpIN and FRxN with 
deformation temperature. The curve for Fr~q~ in Figure 8 
was measured using the increase in stress (Aer) obtained 
from the flow curve for each steel at a true strain of 0.3 
(i.e., the amount of deformation preceding the static delay 
time). At the extreme deformation temperatures (900 ~ 
and 1100 ~ this respective increase in stress was approx- 
imately 205 and 176 MPa. However, it is important to note 
that these levels of stress obtained from mechanical testing 
only represent an average flow stress. Hence, to accurately 
estimate F~y,  one should consider the flow stress at the 
grain boundaries, which has been approximated to be 50 
pct greater than the average flow stress.t48j Therefore, the 
estimated flow stress at the grain boundaries at 900 ~ and 
1100 ~ is 308 and 264 MPa, respectively. Incorporating 
Keh's t49~ relationship, which relates the increase in dislo- 
cation density (Ap) during work hardening to the increase 
in flow stress, 

Act = 0.2 /~b ~/~--pp [41 

one can directly calculate the F~N by the substitution of 
Eq. [4] into Eq. [1]. This substitution results in 

12.5 A~2 
FRXN -- [5] 

/X 
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Fig. 6--Extraction replica depicting Nb(CN) precipitation at austenite grain boundary for steel E4. The specimen was reheated to 1250 ~ and deformed 
at 1020 ~ 10 ~ below the TRx ~. A centered dark-field micrograph was taken from a [111] NbC reflection. 

Approximating the shear modulus of austenite (/x) as 4.104 
MPa, ~91 values for FRxN ranged from 22 MN.m -2 (at 1100 
~ to 30 MN-m -2 (at 900 ~ 

The measured pinning forces for steels E3 and E4 
showed good agreement with the results from the fractional 
softening studies and quantitative metallography (Figures 2 
and 3). At a deformation temperature of 900 ~ quantita- 
tive metallography indicated that the microstructure of both 
steels E3 and E4 was fully unrecrystallized. This behavior 
can be explained by the results in Figure 8. At 900 ~ the 
Fp~ N for steel E4, calculated at austenite grain boundaries 
or grain interiors, was larger than the FRxN. At this same 
temperature, however, steel E3 had a Fp~ N greater than FRXN 
only for precipitate volume fractions measured at austenite 
grain boundaries. This is a reflection of steel E3 having a 
smaller Nb supersaturation in austenite at 900 ~ than steel 
E4. The precipitation behavior of steel E3 indicates that the 
suppression of  austenite recrystallization is strongly influ- 
enced by particles in the vicinity of  austenite subgrain or 

grain boundaries. This behavior is in agreement with the 
subgrain boundary precipitate pinning model,t~91 which as- 
sumes that particles are present at austenite grain and/or 
subgrain boundaries prior to the onset of recrystallization. 

At the other extreme in deformation temperature (1100 
~ the Fp~N for steels E3 and E4, measured at either the 
grain boundary or grain interior, is less than the FR• This 
is attributed to the small Nb supersaturation for both of 
these steels at 1100 ~ However, at this temperature, steel 
E4 shows a smaller amount of fractional softening than 
steel E3. This behavior is indicative of solute drag retarding 
austenite recrystallization at elevated temperatures prior to 
precipitation eventsJ 16,~7,jsl Therefore, it is not surprising 
that steel E4 shows less softening at 1100 ~ since it has 
more Nb in solution in austenite. Finally, the fact that steel 
E3 had essentially a zero Fpi~ was a consequence of defor- 
mation at a temperature very close to the precipitate solu- 
tion temperature for steel E3. 

At 10 ~ below the TRxN of steel E4, the Fe~ N calculated 

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 27A, APRIL 199(~-957 



2 0  

~o 

Z 15 0 
< 
II  
LL 
m 10  

_1 
0 > 

Z 5 
0 

Z 

17.0 

6.8 

E4-B 

I ~  900~ 
1020 *C 
1100 *C 

8,3 

5.2 

E4-M EC 

Nb(CN) LOCATION 

Fig. 7--Nb(CN) volume fraction for steel E4 at austenite grain boundaries 
(B), within austenite grains (M), and what would be predicted from 
solubility products (EQ). 

from the Nb(CN) volume fraction at austenite grain bound- 
aries was approximately 19 MN.m -2 greater than the FRX ~- 
In contrast, the Fp~N calculated based on volume fractions 
in grain interiors was ~1 MN'm -z less than the F~N. 
Hence, the average between these two /'PIN yields a net 

Table IV. Comparison of Parameters for Steels E3 and E4 
as Measured from This Investigation* 

Parameter E3 E4 

TRXN (~ 942 1030 
Aspect ratio at TRXN 1.59 1.74 
Fp~ in matrix (MN �9 m -2) 19.5 24.9 
Fpr~ at boundary (MN �9 m 2) 30.1 44.9 
Bulk Nb concentration (wt pet) 0.020 0.090 
Soluble Nb in austenite at 1250 ~ (wt pet) 0.020 0.077 
Soluble Nb in Austenite at T~x-N (wt pct) 0.001 0.031 
Nb supersaturation at TRXN (wt pct) 0.019 0.046 
Nb supersaturation ratio 4.6 5.5 

*The Fpr~ for steels E3 and E4 was calculated from precipitate 
measurements on specimens deformed at 12 ~ and 10 ~ below their 
respective T~w. 

pinning force that is 9 MN'm -2 greater than the FRxN and 
corresponds to the static softening and metallographic re- 
sults. Also, these results are in agreement with other inves- 
tigations t'9,23,28] regarding the precipitation behavior of 
Nb(CN) in austenite. These studies suggest that the strain- 
induced precipitation from hot deformed austenite occurs 
in two stages. First, Nb(CN) precipitation occurs at austen- 
ite grain boundaries and deformation bands. This is fol- 
lowed by general matrix precipitation on the substructure 
of the unrecrystallized austenite. Similar precipitation be- 
havior was also indicated for steel E3 when analyzed at 12 
deg below its T~N. However, the Fpl N for steel E3 calcu- 
lated from a Nb(CN) volume fraction at grain boundaries 
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Fig. 8 ~ o m p a r i s o n  between Fpn~ and Fp.xN vs deformation temperature. Data to the right of FRXN will result in the complete suppression of austenite 
recrystaltization. Data to the left of F~xN will result in a partially or fully recrystallized austenite microstructure. 
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is of the same magnitude as the FRxN. The reason that a 
higher Fp~y was not calculated for steel E3 is due to the 
extraction of precipitates on the carbon replicas. The ex- 
traction efficiency is always less than 100 pct. Conse- 
quently, the calculated values of Fpl~ serve as a 
conservative number. 

It was mentioned previously that at their respective Te, xN, 
steels E3 and E4 exhibited a different Nb supersaturation 
in austenite. This is summarized in Table IV along with the 
calculated values for Fp~N at TRXN. Table IV indicates that 
steel E4 had a Nb supersaturation in austenite which was 
approximately 2.4 times greater than that of steel E3. How- 
ever, at their respective TzxN, steel E3 displayed a boundary 
FptN that was only 1.5 times smaller than that of steel E4. 
The average value for FpIN at the Tp, xN ranged between 25 
and 35 MN-m-L Similar values of Fp~N for both steels at 
this temperature resulted from the relatively weak temper- 
ature dependence of FRXN. Additionally, although steel E4 
had a higher precipitate volume fraction than steel E3, the 
average particle size measured from steel E4 was greater 
than that of steel E3. 

The particle size measurements previously reported ~4~1 
from this investigation correspond with those made from 
other studies. C22,23j This investigation, along with the others, 
has shown that the limit of detection for particle diameters 
when extracted on carbon films is approximately 1 to 2 nm. 
Additionally, this investigation was able to detect fine scale 
particles using field ion microscopy (FIM). Similar work 
was performed by Brenner e t  al.  t231 Using measurements 
from both TEM and FIM, the investigation by Brenner e t  

al.  t231 related the particle radius and number density (N~) of 
precipitate to the occurrence of subgrain boundary pinning. 
The results from this study and the present investigation are 
very close, lending further validity to the grain and/or 
subgrain boundary pinning mechanism. 

IV. CONCLUSIONS 

The following conclusions can be made regarding the 
suppression of recrystaIlization during the hot deformation 
of microalloyed austenite. 

1. Isothermal interrupted compression testing proved to be 
a relatively easy and reliable method for determining the 
TRXN' The TRxN was associated with 20 pct of the total 
fractional softening of austenite. A TRxN of 942 ~ 971 
~ 999 ~ and 1030 ~ was measured for steels E3, 
El, E2, and E4, respectively. 

2. The results from compression studies were verified by 
quantitative metallography. An austenite grain aspect ra- 
tio of 1.5 to 1.7 was measured at the respective TRXN for 
each steel. Microscopy indicated that below the T~N for 
any steel, prior austenite grains were unrecrystallized. At 
temperatures 30 ~ to 70 ~ above the TmxN, a fully 
recrystallized microstructure was present. 

3. The coupling of the results from atom probe analysis t411 
and the results from interrupted compression testing in- 
dicates that the TRXN increases with increasing Nb su- 
persaturation in austenite. This level of Nb 
supersaturation was not constant from steel to steel. 

4. High resolution microscopy on carbon extraction repli- 
cas from steels E3 and E4 indicated a high, localized 
volume fraction of Nb(CN) at prior austenite grain 

. 

. 

boundaries. The volume fraction of precipitate at the 
boundary was 1.5 to 2 times higher than the measured 
volume fraction of Nb(CN) within prior-austenite grains. 
Additionally, the measured volume fraction of  Nb(CN) 
at austenite grain boundaries or grain interiors was 
higher than what would have been predicted using ex- 
isting solubility products for Nb(CN) from the literature. 
This high volume fraction of Nb(CN) at austenite grain 
boundaries translated into high values for the precipitate 
pinning force. 
The calculated values of Fp~N for steels E3 and E4 
showed good correspondence with quantitative metal- 
lography and fractional softening measurements. This 
agreement confirms the validity of precipitate pinning 
along austenite grain and/or subgrain boundaries sup- 
pressing austenite recrystallization. 
The driving force for recrystallization was determined 
from isothermal compression testing. Values for FRXN 
were calculated based upon the increase in flow stress 
prior to the delay time of 10 seconds. At any given tem- 
perature, the FRX N was similar for all steels. Although 
steels E3 and E4 exhibited substantially different 
Nb(CN) volume fractions (resulting from different Nb 
supersaturations in austenite) at their respective T~x~, 
their respective pinning forces were not significantly dif- 
ferent. This was attributed to both the smaller particles 
in steel E3 and the weak dependence of F~x~ with tem- 
perature. 
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