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This work describes the effect of temperature on both the microstructure and composition of 
microalloyed steel austenite in the as-reheated condition. Four laboratory steels of similar C 
levels were analyzed in this investigation. Three steels had different Nb concentrations at con- 
stant N levels, and the fourth exhibited a difference in N concentration. The average prior- 
austenite grain size was determined using quantitative metallographic techniques as a function 
of reheat temperature. The corresponding amount of Nb in solution in austenite was determined 
from atom probe analysis. Results from this investigation indicate that at elevated temperatures, 
representative of typical reheating practice, a smaller amount of Nb is soluble in austenite than 
what would have been predicted from any existing solubility relation for NbCx in austenite. The 
solubility of Nb and C in austenite for the low-N steels is described by the relation: Log [Nb][C] 
= 2.06 - 6700/T. Additionally, it is shown that undissolved NbCx particles are present in 
austenite approximately 125 ~ above the grain-coarsening temperature. 

I. INTRODUCTION 

THE influence of microalloying elements such as Nb 
on the response of austenite to thermomechanical pro- 
cessing can be understood by the way in which Nb af- 
fects the three critical temperatures of austenite. These 
temperatures are the grain-coarsening temperature (T~c), 
the recrystallization-stop temperature (TRxH), and the 
transformation temperature (Ar3 o r  Bs) .  [I-4] While all 
three of these temperatures are important to the effec- 
tiveness of thermomechanical processing, this present 
study focuses only on the T~o The TGc is defined as that 
temperature above which abnormal grain coarsening or 
secondary recrystallization commences. This tempera- 
ture can be considered where an equilibrium exists be- 
tween the driving force for grain coarsening and the 
pinning force opposing boundary motion. The driving 
force is taken to be inversely related to the initial grain 
diameter, while the pinning force is related to the ratio 
of the particle volume fraction to the particle radius. The 
pinning force is, therefore, governed by the thermo- 
dynamic stability of second-phase particles in austen- 
ite. 15,6,7j Since the reheating of slabs or billets represents 
the initial stage for a given deformation process, knowl- 
edge of where the TGc exists relative to the reheating 
temperature (TRHr) is important. Hence, vastly different 
microstructures and microalloy solute levels can result 
depending upon whether the steel has been reheated 
above or below the TGc. 

The reheating practice is usually dictated by the 
requirements of the final product. For example, in prod- 
ucts where toughness is very important (e.g., high- 
strength plate), reheating can take place below the TGc 
such that grain coarsening is kept to a minimum. In this 
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case, second-phase particles remain relatively undis- 
solved in austenite and will not be available for strength- 
ening by reprecipitation during subsequent processing. 
Therefore, products such as high-strength plate are able 
to achieve the combined benefits of high-strength and 
low-impact transition temperatures through grain and 
subgrain refinement, tl~ Conversely, for products where 
the toughness is not as important as strength (e.g., strip), 
reheating can take place above the TGc. Hence, although 
some coarsening may occur during strip processing 
when TRHr > T~c, most of the microalloying elements 
are put into solution in austenite. These elements in so- 
lution are thus available for precipitation strengthening 
during deformation and/or  after the ferrite or bainite 
transformation, tS-~u However, the ability to choose a 
particular reheat practice can only be accomplished 
through an understanding of the Tcc and those elements 
which affect it. The present investigation has considered 
the solution behavior of Nb, C, and N in austenite and 
their effect on the T~c of the austenite. 

A. Solubility of Nb Carbonitrides in Austenite 

The crystal structure of y-NbCx can be represented by 
two interpenetrating fcc lattices with Nb atoms or 
Nb atom vacancies occupying one set of lattice sites and 
C atoms or C atom vacancies occupying the other set of 
lattice sites. It21 The compound ~-NbNy would likewise 
exhibit the same crystal structure. It31 The compounds 
NbCx and NbNy have complete solid solubility which en- 
able them to form a carbonitride, NbCxNy, where x 
equals the atomic ratio C/Nb,  y equals the atomic ratio 
N/Nb  and 1 - (x + y) equals the atomic ratio of va- 
cancies, t~2j Storms and Krikorian u4~ have reported that 
the lattice parameter of NbCxNy (henceforth referred to 
as Nb(CN)) varies with both vacancy concentration and 
C / N  ratio. More recent work by Balasubramanian 
et al. ~Sj using a two-sublattice model has also shown the 
variation in NbC~ solubility in austenite as a function of 
lattice-site occupancy. The solubility of NbCx in austen- 
ite increases as fewer C atoms occupy positions in the 
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second interstitial sublattice sites. Hence, as x in NbCx 
decreases from unity, the solubility o f  the compound in 
austenite increases. 

The importance o f  Nb as a microalloying element in 
steels is apparent from the numerous studies performed 
over the past 30 years. Much of  this work was concen- 
trated on the solubility o f  Nb monocarbides,  112.~5-271 
mononitrides, I~2,~5.~6,22,24,28,291 and carbonitrides I~2,~5,3~ 
in austenite. The results o f  these studies are shown in 
Table I in the form of  solubility products. The differ- 
ences among these products are considerable and may 
be attributed to a number  o f  reasons. Foremost among 
these reasons is the variety o f  methods used in obtaining 
the given solubility, as each technique has its own as- 
sumptions and limitations. The techniques used in ob- 
taining the solubility products of  Table I are classified 
as A through E and are briefly described in the 
following: 

(A) thermodynamic calculations; 
(B) chemical separation and isolation o f  precipitate; 
(C) equilibrating a series o f  steels with different Nb con- 
centrations in a H2-CH4 atmosphere at various temper- 
atures, after which the C contents are analyzed; 
(D) hardness measurements;  and 
(E) statistical treatment o f  existing solubility products. 

Thermodynamic  calculations o f  solubility products 
often neglect any interaction between elements. As a re- 
sult, the activity coefficients are assumed to be unity and 
the activities are represented by their weight percents. 
Recent work, however,  has incorporated Wagner  inter- 
action parameters to account  for the effect of  alloying 
elements on the solubility of  Nb(CN) in austenite, tj5'241 

This leads to a more realistic solubility product since it 
incorporates nonunity activity coefficients. 

Although techniques such as chemical separation and 
methane equilibration indirectly account for chemical 
interactions, both have their own limitations. One prob- 
lem arising from the separation technique is that very 
fine precipitates may not be included in the analysis and 
that discrepancies may exist as to the exact composition 
of  the precipitate, tl6,~SJ This problem also occurs in the 
equilibration methods, as carbon contents are often ana- 
lyzed assuming that a stoichiometric or nonstoichio- 
metric compound is present. 125j Additionally, both of  
these methods,  including the thermodynamic calcula- 
tions, neglect the effect o f  precipitate size on solubility. 
Thermodynamics  indicate that small particles are more 
soluble than large particles, t351 Hence, solubility prod- 
ucts obtained from these techniques may predict a more 
stable precipitate than would be expected. 

Finally, hardness techniques are questionable since 
they are based upon the assumption that an increase in 
hardness is proportional to the amount o f  Nb dissolved 
in austenite and subsequently precipitated in ferrite as 
Nb(CN). 116J Although this does indeed occur,  all o f  the 
C and N present in the steel is not necessarily associated 
with the precipitate. Also, difficulties arise in separating 
this hardness increment from those due to other mech- 
anisms such as grain size, solid solution, and dislocation 
strengthening. 

In summary,  all o f  the solubility products represented 
in Table I are useful in providing a general understand- 
ing of  Nb(CN) solubility in austenite. The goal of  this 
research is to provide a more detailed understanding of  

Table I. Solubility Products for Nb-C, Nb-N, and Nb-C-N Systems in Austenite 

System Product Method Reference 

Nb-C log [Nb][C] = 2.9 - 7500/T D 17 
log [Nb][C] = 3.04 - 7290/T B 18 
log [Nb][C] = 3.7 - 9100/T C 19 
log [Nb][C] = 3.42 - 7900/T B 20 
log [Nb][C] = 4.37 - 9290/T C 21 
log INb][C] ~ = 3.18 - 7700/T B 22 
log [Nb][C] ~ = 3.11 - 7520/T E 16 
log [Nb][C] = 2.96 - 7510/T E 16 
log [Nb][C] ~ = 3.4 - 7200/T A 16 

Nb-N 

Nb-C-N 

log [Nb][C] = 3.31 - 7970/T + 
[Mn] (1371 /T-  0.9) - [Mn]Z(75/T- 0.0504) B 23 

log  [Nb][C]  ~ = 2.81 - 7019.5/T A 24 
log [Nb][C] ~ = 3.4 - 7920/T C 25 
log {Nh][C] = 1.t8 - 4880/T C 26 
log [Nb][C] = 1.74 - 5600/T C 27 
log [Nb][C] = 3.89 - 8030/T C 15 
log [Nb][N] = 4.04 - 10,230/T C 29 
log [Nb][N] = 3.79 - 10,150/T B 22 
log [Nb][N] = 2.8 - 8500/T B 20 
log [Nb][N] = 3.7 - 10,800/T B 31 
log  [Nb][N]  ~ = 2.86 - 7927/T A 24 
log [Nb][N] = 4.2 - 10,000/T 28 
log [Nb][C]~176 = 4.09 - 10,500/T B 16 
log [Nb][C + 12/14N] = 3.97 - 8800/T C 32 
log [Nb][C + N] = 1.54 - 5860/T B 16 
log [Nb][C]~ T M  = 4.46 - 9800/T B 16 
log [Nb][C + 12/14N] = 2.26 - 6770/T C 30 
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this behavior and the effects of  this behavior on austenite 
grain coarsening during reheating. 

were further machined into right cylinders having a 
height and diameter of  12.7 mm for reheating studies. 

II.  E X P E R I M E N T A L  P R O C E D U R E  

This investigation involved the use of a series of 
low-C, Si-killed laboratory steels having compositions 
shown in Table II. The choice of  Si as a deoxidizer as 
opposed to AI was made to minimize any effects of Alu- 
minum-nitride (A1N) precipitation, which could compli- 
cate the analysis. For all steels, the soluble O levels were 
no greater than 6 ppm. Further analysis revealed that the 
total amount of residual elements detected did not ex- 
ceed 0.016 at. pct. A relatively high concentration of.Mn 
was used in order to provide added hardenability to min- 
imize the amount of proeutectoid ferrite formation dur- 
ing quenching. 136'37'381 This was required so that an 
accurate description of the prior-austenite grain size 
could be attained. The amount of  S in these steels was 
chosen to represent standard levels in grades where 
machinability of  the final product is not a critical fac- 
tor) TM The P level was intentionally kept high to assist 
in metallographic techniques associated with revealing 
prior-austenite grain boundaries) 32'4~ 

A. Material Processing 

The base steel (E0) had a C and N concentration of 
0.415 and 0.032 at. pct (0.09 and 0.008 wt pct), re- 
spectively. Four grades of steel (El to E4) microalloyed 
with Nb were subsequently formulated around this base 
steel. Three of these steels (El ,  E3, and E4) had similar 
N levels with varying Nb concentrations. Two steels (E 1 
and E2) contained the same Nb concentrations with dif- 
ferent N levels. Hence, regardless of which solubility 
relation employed from the literature, as represented by 
Table I, these steels should display three different forms 
of Nb solution behavior in austenite. 

All laboratory steels were vacuum induction-melted 
and received in their as-cast condition in the form of 
11.4 to 22.7 kg ingots. This material subsequently ex- 
perienced a homogenization treatment and was rolled 
into bars approximately 16 mm in diameter. These bars 

Table II. Steel Compositions 

Composition in Atomic Percent (Weight Percent) 

Element E0 E1 E2 E3 E4 

C 1J.415 0.415 0.369 0.369 0.370 
(0.090) (0.090) (0.080) (0.080) (0.080) 

Mn 1.503 1.503 1.483 1.453 1.445 
(1.490) (1.490) (1.470) (1.440) (1.430) 

p 0.016 0.016 0.016 0.014 0.018 
(0.009) (0.009) (0.009) (0.008) (0.010) 

S 0.010 0.021 0.010 0.010 0.010 
(0.006) (0.012) (0.006) (0.006) (0.006) 

Si 0.809 0.809 0.809 0.789 0.573 
(0.410) (0.410) (0.410) (0.400) (0.290) 

Nb 0.029 0.029 0.012 0.054 
(0.049) (0.048) (0.020) (0.090) 

N 0.032 0.032 0.095 0.032 0.032 
(0.008) (0.008) (0.024) (0.008) (0.008) 

B. Grain-Coarsening Studies 

In order to ascertain both the prior-austenite grain size 
and the amount of soluble Nb as a function of temper- 
ature, isothermal reheating studies were performed on 
the steel specimens. Prior to each austenitizing treat- 
ment, specimens were placed in evacuated quartz tubes 
backfilled with dry argon (99.9 pct purity). Therefore, 
the total pressure of each sealed tube was measured at 
100 mtorr. 

Eight different temperatures spanning the austenite 
phase field were employed for the reheating studies. The 
highest test temperature was 1300 ~ whereas the low- 
est temperature was 950 ~ The remaining six temper- 
atures were at 50 ~ increments within this range. The 
reason for selecting 1300 ~ as the upper reheating tem- 
perature is shown in Table III. Table III shows the av- 
erage temperatures above which complete solubility in 
austenite occurs for a Nb monocarbide, mononitride, 
and carbonitride. The temperatures represented by 
Table III were calculated from the solubility products 
shown in Table I. Based on the values shown in 
Table III, reheating at 1300 ~ would be expected to 
ensure the complete dissolution of precipitates for all 
steels. For the least thermodynamically stable precipitate 
(i.e., greatest solubility in austenite), reheating would be 
expected to occur 290 ~ above the precipitate dissolu- 
tion temperature. Alternatively, reheating at 1300 ~ 
would occur 46 ~ above the precipitate dissolution tem- 
perature for the most thermodynamically stable precip- 
itate (i.e., smallest solubility in austenite). 

Following equilibration of the furnace at the respec- 
tive reheat temperatures, specimens were austenitized 
for 30 minutes at that temperature. The heating rate of 
the specimens was approximately 5 ~ Immediately 
following reheating, specimens were water-quenched in 
an iced water bath. Specimens were then sectioned in 
two halves. The first half was tempered at 500 ~ in an 
Ar atmosphere for 24 hours. This treatment was per- 
formed to aid in optical metallographic techniques by 
allowing phosphorus in solution to segregate toward the 
austenite grain boundaries, t32~ The second half of the cy- 
lindrical specimen was held in the as-quenched condition 
for later analysis using atom probe analysis and field ion 
microscopy. 

Table IIl.  Average Precipitate Dissolution 
Temperature as Calculated from Table I 

Average Precipitate 
Dissolution Temperature in ~ 

(Calculated from Table I) 

Steel Nb-C Nb-N Nb-C-N 

E1 1114 (59) 1112 (75) 1188 (53) 
E2 1099 (58) 1254 (94) 1203 (69) 
E3 1010 (56) 1038 (73) 1081 (41) 
E4 1172 (63) 1167 (77) 1251 (68) 

Values in parentheses represent standard deviations. 
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All field ion microscopy was performed between 40 
and 50 K using Ne as an imaging gas. Imaging was per- 
formed at 2.5- 10 5 torr neon. Atom probe analysis was 
conducted at 60 K. This temperature was selected to 
minimize the field-induced stresses imposed on the spec- 
imens, permitting a longer tip life during which ions 
could be collected. Analysis was performed in the pres- 
ence of 10 -8 to 5 . 1 0  9 torr neon. 

III. RESULTS AND DISCUSSION 

A. Microstructure of Austenite 

The prior-austenite grain size as a function of reheat- 
ing temperature for steel E1 is shown in Figure 1. This 
sequence of microstructures appears to be fully mar- 
tensitic with no evidence of proeutectoid ferrite forma- 
tion along prior-austenite grain boundaries. All other 
steels displayed similar microstructures. The overall 
coarsening behavior with reheating temperature is illus- 
trated for all of the steels in Figure 2. The grain- 
coarsening behavior of the plain C steel (E0) is 
indicative of normal grain coarsening in that the grain 
size systematically increases with increasing temperature 
while maintaining a consistent normal distribution. The 
three microalloyed steels, however, exhibited abnormal 
grain coarsening which is often referred to as secondary 
recrystallization. [5,411 

Abnormal grain coarsening occurs when the newly 
formed austenite grains are kept fine by the presence of 
a distribution of second-phase particles such as Nb(CN). 
Gladman 15,4~1 showed that there exists a critical condition 
where the energy release rate per unit displacement of 
grain boundary during grain coarsening is equal to the 
rate of energy release due to the absence of particle pin- 
ning. He defined this condition in terms of a critical par- 
ticle radius, r~t, which represents the maximum particle 
size that would effectively counteract the driving force 
for austenite grain coarsening. 

rcrit - -  - -  [ 1 ] 
7r 

In this expression, R0 is the initial matrix grain size, f is 

the volume fraction of particles, and Z is a term used to 
account for the heterogeneity of the matrix grain size. It 
is clear from Eq. [1] that for some given uniform initial 
grain size, rmt will be the product of some constant and 
the particulate volume fraction. Hence, it will be the vol- 
ume fraction of precipitate which will influence r,~,. This 
volume fraction will be sensitive to temperature as de- 
fined by the solubility relationship of the precipitating 
compound. Therefore, as the temperature increases, pro- 
gressively increasing amounts of Nb, C, and N go into 
solution in austenite, t42,431 The result of this is that the 
volume fraction of Nb(CN) particles available to retard 
grain coarsening decreases. This situation leads to the 
coarsening of some grains at the expense of others, while 
some remaining grains continue to be pinned. Hence, a 
bimodal grain-size distribution develops that is clearly 
distinguished from the single grain-size distribution as- 
sociated with normal grain coarsening. 

The grain-coarsening characteristics of the experimen- 
tal steels are shown in Figure 2. Three regimes of be- 
havior can be defined for the microalloyed steels. With 
increasing temperature, these regimes represent: (1) a 
unimodal distribution of the initial grains exhibiting sup- 
pressed normal grain coarsening, (2) a bimodal distri- 
bution of retained primary and new abnormally 
coarsened grains, and (3) a unimodal distribution of ab- 
normally coarsened grains exhibiting accelerated normal 
grain coarsening. Based on the curves of Figure 2, the 
beginning of abnormal grain coarsening and, hence, the 
Tac can be defined by the onset of the second regime. 171 
In Figure 2, this is represented by the temperature where 
there is a discontinuity in the average austenite grain dia- 
meter. The discontinuity arises because two clearly dis- 
tinguishable average austenite grain diameters have been 
measured. Depending on the chemical composition of 
the steel, this bimodal grain distribution exhibited in re- 
gime 2 can occur over various temperatures. The highest 
T~c would, therefore, be expected for the most thermo- 
dynamically stable precipitate, i.e., the precipitate as- 
sociated with the smallest solubility product. Hence, as 
illustrated in Figure 2, the respective Tac in ascending 
order for steels E3, E l ,  E2, and E4 are 1000 ~ 
1100 ~ 1150 ~ and 1200 ~ 

The trend of increasing Tac with nominal N or Nb 

950~ IO00~ 1050~ 1 IO0~ 

1150~ 1200~ 1250~ 1300~ 

,100 pm 

Fig. 1 - -P r io r -aus ten i t e  grain size for steel E1 after isothermally reheating to the above temperatures and water quenching. This steel had a grain- 
coarsening temperature of  1100 ~ 
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levels is in agreement with observations from previous 
s tud ie s .  13,5,8,~1,3~ The implication of this, as stated 
previously, is that a high T~c will result in those systems 
in which precipitates are most stable. Since the C level 
was essentially similar for all of  the steels, the Tcc was 
found to increase systematically with Nb concentration 
for steels E3, E l ,  and E4. These three steels had similar 
N concentrations. Alternatively, the Tac was found to 
increase with increasing N levels at constant C and Nb 
concentrations. This behavior is observed by comparing 
the curves for steels E1 and E2 in Figure 2. These results 
indicate that, as initially hypothesized, austenite grain 
coarsening is most effectively retarded by high-stability 
precipitates, since they are the least soluble in austenite. 
This translates into a higher volume fraction of fine 
Nb(CN) precipitates available to retard grain coarsening 
at elevated temperatures. 

As the reheating temperature further increases above 
the Tac into regime three behavior, the curves presented 
in Figure 2 reassume an appearance indicative of  normal 
grain coarsening. 132J This form of grain coarsening in the 
microalloyed steels results because at these tempera- 
tures, nearly all of the precipitate is dissolved in austen- 
ire. Hence, only a small volume fraction of precipitate 
remains to retard grain coarsening. These remaining par- 
ticles, however, are ineffective because they are 
coarse) 5] Additionally, the interparticle spacing between 
these precipitates is large. The combined effects of hav- 
ing a relatively small number of  coarse particles with 
large interparticle spacings render the coarsening of aus- 
tenite grains for steels E1 through E4 similar to the 
coarsening of single-phase austenite. 

B. Composition of Austenite 

Atom probe analysis was used to determine the 
amount of  Nb soluble in austenite as a function of re- 
heating temperature. This technique consisted of the 
bulk random analysis of  at least 100,000 ions per steel 
and condition. These ions were collected from an av- 
erage of 10 to 15 specimens, each taken from a different 
location in the bulk steel. The results are shown in 
Figure 3 for steels E1 to E4. Before interpreting the re- 
sults of Figure 3, a few comments are necessary regard- 
ing the data contained within this figure. First, each data 
point represents an absolute Nb concentration rather than 
a relative concentration. For example, out of the 
106,014 ions collected for steel E1 reheated at 1100 ~ 
32 ions were Nb. This translates into a Nb concentration 
of 0.030 at. pct, which agrees with the bulk chemistry 
analysis shown in Table II. Of the 32 total Nb ions, 18 
ions were not associated with either C or N ions (i.e., 
the separation between Nb and either C or N ions was 
at least four atomic planes). Hence, for this steel and 
condition, 0.017 at. pct Nb was in solution in austenite, 
while the remaining Nb was associated with C in the 
form of NbCx. It should be noted that Nb(CN) particles 
were not observed in any of the low-N steels. The final 
point to be made regarding the data represented in 
Figure 3 concerns the statistical scatter. Indeed, this was 
a very important consideration and was the primary rea- 
son for the analysis of a large number of ions for each 
steel and condition. Assuming a normal distribution, the 
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standard error about each data point in Figure 3 was 
found to be no greater than 0.005 at. pct. 

Field ion microscopy revealed that the precipitates in 
all of the microalloyed steels ranged in size from 0.5 to 
10 nm. Furthermore, atom probe analysis showed that 
the low-N containing steels had particle compositions 
ranging from NbC0s to stoichiometric NbC. An example 
of a very fine NbC precipitate is shown in Figure 4 with 
a corresponding chemical analysis shown in Figure 5. 
Figures 4 and 5 indicate that this precipitate is on the 
order of  1 nm and has a stoichiometric composition 
NbC. The reason that Figure 5 does not indicate a more 
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N b C  

~,' n m  

Fig. 4 - - F i e l d  ion micrograph depicting an NbC precipitate in steel 
E l ,  reheated to 1000 ~ and water-quenched. 
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Fig. 5 - - A t o m  probe analysis of  NbC precipitate in steel E 1, reheated 
to 1000 ~ and water-quenched. 

dramatic decrease in Fe and increase in both Nb and C 
is attributed to the size of the precipitate. Since the size 
of the precipitate is smaller than the probe aperture 
(~-3 nm), a portion of the matrix is included in the anal- 
ysis along with the precipitate. 

It was also possible, albeit with a smaller degree of 
certainty, to elucidate the compositional ranges for the 
N-rich precipitates found in steel E2. These precipitates 

ranged in composition from NbC0.67N0.33 to  NbC08N0.07. 
The uncertainty in these compositions is due to the fact 
that both the N and Si field evaporate with similar mass- 
to-charge (m/n) ratios (N +t, Si +2 .'. m /n  = 14). It 
should be mentioned, however, that unlike pure Nb car- 
bides, the presence of either pure Nb nitrides or Nb sil- 
icides was not detected. Hence, other than being 
detected in an uncombined form with other elements, N 
(and Si) were always found in association with Nb and 
C. It was this observation which led to the deduction that 
the precipitate was of the form Nb(CN). 

The curves in Figure 3 offer further support for the 
grain-coarsening results shown in Figure 2. If the two 
steels (El and E2) of similar Nb levels are compared, it 
is observed that at any reheating temperature, the steel 
with the high-N concentration shows less Nb in solution 
in austenite. This points to the stabilizing effect asso- 
ciated with increased N contents in Nb(CN). Since there 
are no other elements present in these steels which have 
a higher affinity for N than Nb, a N-rich Nb(CN) pre- 
cipitate would be expected. The increased stability of 
this N-rich precipitate in austenite would lead to a 
smaller solubility of Nb in austenite at any reheating 
temperature. This is particularly evident at the reheat 
temperature of 1300 ~ where essentially all of the Nb 
contained in steel E! is in solution, whereas only 
- 9 3  pct of the Nb contained in steel E2 is in solution 
in austenite. The result is that a larger volume fraction 
of particles are able to retard grain coarsening and ex- 
plains the higher T~c for steel E2 relative to steel El .  
Additionally, as these particles exhibit a lower solubility 
in austenite, they do not experience significant coars- 
ening, t35j Therefore, it is through the combined effect of 
a large volume fraction of small undissolved Nb(CN) 
particles which enables the TGc of steel E2 to be 50 ~ 
higher than that of steel El .  

The interesting point to be made from Figures 2 and 
3 is that complete solubility of Nb in austenite is not 
observed at reheating temperatures as high as 200 ~ 
above the respective Tcc for each steel. This is in con- 
trast to other investigations {45,46'47] which reported that 
Nb(CN) precipitates were completely dissolved in aus- 
tenite at temperatures 70 ~ to 100 ~ higher than the 
To(-. The reason for this inconsistency is that the pre- 
vious studies calculated the solution behavior of Nb in 
austenite using one or more of the solubility expressions 
given in Table 1. Hence, the solubility products listed in 
Table I result in an overestimation of the amount of Nb 
in solution in austenite. This overestimation can be ob- 
served when the solubility products represented in 
Table I are plotted over the temperature range 1000 ~ 
through 1300 ~ (Figure 6). Incorporated into Figure 6 
is a solubility relationship from the present study. This 
relationship was determined using the measured atom 
probe results from steel E3 for the solution behavior of 
Nb in austenite. The amount of C in solution was cal- 
culated from these data assuming a stoichiometric pre- 
cipitate NbC. Using this technique, the following 
solubility product was obtained: 

6700 
Log [Nb][C] 2.06 - - -  [2] 

T 

In conformity with those products listed in Table I, 
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Fig. 6 - - S o l u b i l i t y  products  to t  s to ichiometr ic  NbC in austeni te  as a 
function of  temperature .  The numbers  to the left of  each curve  cor- 
respond to those products  l isted in Table  I. 

the concentrations of [Nb] and [C] are given by their wt 
pct. This solubility product would predict a dissolution 
temperature of 1107 ~ for steel E3, which is in very 
good agreement with the atom probe measurements il- 
lustrated in Figure 3. The magnitudes of both the en- 
tropic (2.06) and enthalpic ( - 6 7 0 0 / T )  terms shown in 
Eq. [2] are comparable to those of the solubility products 
in Table I. The curve for the present study in Figure 6 
displays two interesting features. First, the curve for 
steel E3 exhibits a weaker temperature dependence than 
most other curves, apparently due to the relatively small 
enthalpic contribution. Second, with the exception of the 
product of Smith, [~9] the present product for steel E3 pre- 
dicts a much lower solubility (i.e., more stable precip- 
itate) than any of the other products. This can be 
attributed to both enthalpic and entropic contributions. 

Figure 7 shows a comparison of the amount of soluble 
Nb in austenite as determined from atom probe analysis 
and the amount of soluble Nb in austenite calculated 
from the solubility products listed in Table I. Each sol- 
ubility product from Table I was categorized into one of 
the three different precipitating systems: Nb-C, Nb-N, 
and Nb-C-N. The average value calculated from the sol- 
ubility products within each system is represented in 
Figure 7. 

It is apparent from Figure 7 that both the theoretical 
Nb-C or Nb-N curves indicate substantially higher levels 
of Nb in solution than the measured atom probe data of 
steel E l ,  which exhibits a nearly nitrogen-free precipi- 
tate. Most important, however, is the comparison be- 
tween curves Nb-C-N and steel El .  In general, both of 
these curves are in close agreement over the temperature 
range I000 ~ to 1300 ~ taking into account the stan- 
dard error of 0.005 at pct about each data point for steel 
El .  This further illustrates that the existing solubility 
products, even those for a carbonitride, overestimate the 
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Fig. 7 - - N b  in solut ion in austeni te  v s  reheat ing temperature .  A com- 
par ison is presented be tween  the results of  steel E l  obta ined by atom 
probe ana lys i s  and what  would  be predicted from the solubi l i ty  prod- 
ucts l isted in Table  1. Each of  the theoret ical  values  were ca lcula ted  
fo rm s o l u b i l i t y  p r o d u c t s  tha t  were  a v e r a g e d  f rom that  t y p e  of  
precipi tate .  

dissolution behavior of  Nb in austenite. Upon closer in- 
spection of these two curves, it appears that at temper- 
atures less than 1130 ~ the data from atom probe 
analysis indicate a less thermodynamically stable pre- 
cipitate than would be predicted from existing solubility 
relationships. At temperatures greater than 1130 ~ the 
opposite behavior is observed. The discrepancy between 
these two curves is attributed to the assumptions incor- 
porated with the theoretical solubility expressions. As 
stated previously, two important assumptions made in 
the determination of theoretical solubility products were 
the neglect of particle size and solute interactions on the 
solubility of Nb in austenite. The failure to incorporate 
these two effects, however, can be significant. For ex- 
ample, C a h n  135'4s'491 has shown that particles -<5 nm can 
have a marked influence on precipitate solubility. Many 
particles encountered during atom probe analysis were 
found to be smaller than 5 nm, perhaps explaining the 
higher experimentally observed solubility of Nb in aus- 
tenite compared to the theoretical Nb-C-N curve at tem- 
peratures less than 1130 ~ A particle size argument 
alone, however, does not explain the deviation at higher 
temperatures. 

An Fe-C-Nb ternary (0.46 at. pct C to 0.03 at. pct 
Nb), with Nb and C levels similar to steel E l ,  was ana- 
lyzed using the atom probe in an attempt to elucidate the 
effects of particle size and solute interaction on the sol- 
ubility of Nb in austenite. The rationale behind this ex- 
periment was to compare atom probe data for steel E1 
with those of the ternary alloy as a function of reheating 
temperature. If the curves were found to be similar, the 
influence of solute interactions deriving from the pres- 
ence of Mn and Si could be ignored. On the other hand, 
if steel E1 and the ternary alloy exhibited different so- 
lution behavior of Nb, these differences could be ex- 
plained by solute interactions. Field ion microscopy 
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performed on steel E1 and the ternary confirmed that 
they had precipitates of similar diameters. These diam- 
eters ranged between 0.5 to 10 nm. At temperatures 
greater than 1100 ~ the ternary alloy exhibited a less 
thermodynamically stable precipitate relative to that of 
steel El .  This behavior may suggest the importance of 
solute interactions on the solubility of Nb in austenite in 
steel El .  

Chipman 15~ has investigated the effect of alloying ele- 
ments on the activity coefficients of N and C in molten 
iron alloys. Those elements (AI, As, Co, Cu, Ni, P, S, 
Sb, Si, and Sn) which raise the activity coefficient of 
either N or C decrease their solubility in liquid iron. 
Conversely, those elements (Cr, Mn, Mo, Nb, Ta, Ti, 
V, and W) which lower the activity coefficient of either 
N or C increase their solubility in liquid iron. Regarding 
solute interactions in austenite, Koyama et al. re31 showed 
that the addition of Mn leads to an increase in the ac- 
tivity coefficient of Nb in austenite. However, he also 
found that the decrease in the activity coefficient of C 
was greater in magnitude. Hence, the addition of Mn 
was observed to increase the solubility of NbC in aus- 
tenite. The effect of Mn on Nb solubility in austenite, 
however, could be countered by the presence of Si, a 
graphite and ferrite stabilizer. The presence of Si leads 
to an increase in the activity coefficient of C in austenite. 
Therefore, the net effect of both Mn and Si could act to 
decrease the solubility of Nb in austenite. This rationale 
is consistent with the atom probe analysis of the ternary 
alloy and steel El .  

The solubility of particles in austenite and its influence 
on the grain-coarsening behavior during reheating are 
summarized in Table IV. The first important feature 
shown in Table IV concerns the difference between the 
observed and calculated 1~6,2~176 particle dissolution tem- 
peratures for the various steels. The first step in calcu- 
lating a dissolution temperature involves choosing the 
appropriate solubility product. This can only be accom- 
plished once the particle composition is known for a par- 
ticular steel. Hence, it is not correct to use a solubility 
product for Nb(CN) to describe the dissolution of NbC. 
In the present study, NbCx was the primary particle 
found in the low-N steels. This is in contrast to the 
Nb(CN) found in the higher N steel (E2). For the case 
of the dissolution of NbC~ in austenite, it is interesting 
to compare the experimentally determined dissolution 

temperatures with those calculated from solubility prod- 
ucts (Table IV). Three of these solubility products were 
taken from the literature) 16'2~176 The fourth was the new 
solubility product experimentally determined from atom 
probe results (Eq. [2]). The discrepancy between the ex- 
perimental and calculated dissolution temperatures var- 
ied with the Nb content of the steel for the three products 
taken from the literature. This discrepancy increases 
with increasing bulk Nb levels. In contrast, the solubility 
product from the present study leads to dissolution tem- 
peratures that are much closer to those observed at all 
Nb levels. 

Table IV also reveals information concerning the re- 
lationship between the grain-coarsening temperature and 
particle dissolution temperature. In an earlier study, the 
grain-coarsening temperature was found to be about 
70 ~ to 100 ~ less than the dissolution temperatureJ 461 
However, this earlier work used one of the previously 
reported solubility products I3~ in calculating the disso- 
lution temperature, which underestimates the observed 
dissolution temperature by approximately 40 ~ to 
100 ~ (Table IV). In contrast, the calculated dissolution 
temperature in the present study, using Eq. [2], is 107 ~ 
to 150 ~ greater than the observed grain-coarsening 
temperature, while the experimentally determined dis- 
solution temperature is 100 ~ to 200 ~ greater. Hence, 
grain-coarsening temperatures based on dissolution tem- 
peratures calculated from Eq. [2] should be much closer 
to experimental values and can be approximated by the 
following expression: 

Tcc = T D I S S  - -  125 ~ [3] 

where TDJss is the dissolution temperature calculated 
using Eq. [2]. Accurate information concerning T6c and 
TD~ss is important in the design of effective reheating 
practices since reheating below the TGC promotes fine 
and uniform hot-rolled austenite grain structures, while 
reheating above the Tolss promotes maximum potential 
for precipitation in either austenite or ferrite during sub- 
sequent processing, t5~.521 

IV. CONCLUSIONS 

The following conclusions can be made regarding the 
compositional and microstructural changes which attend 
reheating and grain coarsening in steels containing Nb. 

Table IV. Summary of Grain-Coarsening Temperature, Precipitate Composition, and Dissolution Temperature 

Present Study 

Bulk Compositions (Wt Pct) Precipitate 
Steel Nb C N Composition 

Conventional Calculations 
of TDJss (~ ToBs -vCAt-C TGC DISS ~DISS 

(~ (~ (~ Ref. 16 Ref. 20 Ref. 30 

El 0.049 0.090 0.008 NbC0.s 
NbC 

E2 0.048 0.080 0.024 NbCo 67No 33 
NbCo.~No.o7 

E3 0.020 0.080 0.008 NbCo.s 
NbC 

E4 0.090 0.080 0,008 NbG~,~ 
NbC 

-1300 1247 1100 1142 1096 1197" 

>1300 - -  1150 - -  - -  1212 

1100 1107 1000 1032 998 1066" 

>1300 1321 1200 1199 1147 1264" 

*Indica tes  that  N c o n c e n t r a t i o n  w a s  not  inc luded  in the ca l cu la t ion .  
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1. Upon reheating, abnormal grain coarsening was ob- 
served for all microalloyed steels. The grain- 
coarsening temperature was found to increase with 
increasing precipitate stability. The most thermo- 
dynamically stable precipitates resulted in a high Tcc. 
In ascending order, grain-coarsening temperatures of 
1000 ~ 1100 ~ 1150 ~ and 1200 ~ were ob- 
served for steels E3, El ,  E2, and E4, respectively. 

2. Microchemical analysis using the atom probe ap- 
peared to be a very powerful tool for determining the 
amount of Nb in solution in austenite during reheat- 
ing. In general, the results from the atom probe anal- 
ysis showed some disagreement with solubility 
products from the literature. This disagreement was 
observed in both the enthalpic and entropic contri- 
butions to the solubility product, and was manifested 
in markedly lower experimental solubility levels for 
Nb in austenite. Therefore, it appears that the mea- 
sured data from the atom probe yielded a more re- 
liable description of the solution behavior of Nb in 
austenite than did the techniques previously em- 
ployed during other investigations. 

3. The overestimation of soluble Nb in austenite may be 
attributed to the interaction between solute elements 
such as Mn and Si. These solute interactions affect 
the solubility of Nb in austenite through their influ- 
ence on the activity coefficients of C and Nb. 

4. Atom probe analysis indicated that precipitates 
ranged in size from 0.5 to 10 nm and had composi- 
tions ranging from NbC08 to stoichiometric NbC. 
These precipitate compositions were found in the 
low-N steels. Nitrogen-rich precipitates ranged in 
composition from Nbfo67N0.33 to Nbf0.sNo07 and 
were observed in the high-N steel (E2). 

5. With the exception of steels El and E3, a complete 
dissolution of NbCx was not observed for any steel 
at reheating temperatures as high as 1300 ~ A sol- 
ubility product was calculated based on the atom 
probe data measured for steel E3 and can be written, 
by assuming a stoichiometric NbC precipitate, as Log 
[ N b ] [ C ]  = 2 . 0 6  - 6 7 0 0 / T .  

6. Grain-coarsening temperatures based on dissolution 
temperatures calculated using the solubility product 
from the present investigation should be much closer 
to experimental values a n d  c a n  be approximated by 
Toc = TDISS -- 125 ~  
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