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Abstract. By simulation of hot rolling using torsion tests and subsequent graphic 

representation of mean flow stress (MFS) versus the inverse of temperature for each 

pass, no-recrystallization temperature (Tnr) was determined for a low niobium 

microalloyed steel at different interpass times and two strains of 0.20 and 0.35. 

Recrystallized fraction (Xa) against time curves and RPTT diagrams were also 

determined for these two strains. This work has allowed evaluation of the influence of a 

very low Nb content on three aspects: Tnr, the residual stress accumulated in the 

austenite just before the γ→α transformation (Δσr), and recrystallization–precipitation 

interaction. It was found that when the strain applied was 0.2 and the interpass times 

were less than 30 seconds, the values of Tnr and Δσr were rather high. However, greater 

strains and interpass times brought about very small values of Tnr and Δσr. In addition to 

this, new aspects about the definition of Tnr are also discussed in this paper. 
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1. Introduction 

 A large part of the research that has been carried out to date on microalloyed 

steels has focused on low carbon niobium microalloyed steels. In fact, most hot rolled 

microalloyed steels contain niobium, since this element presents the advantage over 

vanadium of being less soluble in austenite at the temperatures usual in rolling. This low 

solubility leads to greater hardening of the austenite in the final stage of rolling, which 

ultimately implies a refining of the final ferrite/pearlite microstructure and consequently 

a generalized improvement of mechanical properties, especially toughness. 

 

 However, Nb microalloyed steels should not be considered ideal steels, since 

they present certain disadvantages which impede the obtainment of fine precipitates in 

hot rolling. On the one hand, steels with approximately 0.2% C and about 60 ppm N 

present similar niobium carbide and carbonitride solubility temperatures.1-4) One of the 

consequences of this is the formation of complex carbonitrides, which can form not as 

precipitates as such but as the result of the heterogeneous nucleation of one type of 

precipitates on others, giving rise to relatively complex and coarse precipitates. On the 

other hand, the precipitation start temperature is relatively high in these steels and 

diffusion is still important for favouring both heterogeneous precipitation and 

coalescence between precipitates. 

 

 The most common method for determining no-recrystallization temperature (Tnr) 

consists of simulating successive rolling passes and then graphically representing the 

mean flow stress (MFS) versus the inverse of the absolute temperature for each of the 

simulated passes.5-11) This method also offers the possibility of obtaining the Ar1 and Ar3 
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phase transformation temperatures when the austenite is being deformed in conditions 

similar to rolling,5, 7, 12) as well as the residual stress accumulated in the austenite 

instants before the γ→α transformation.6) Besides the simulation method, Tnr can also 

be determined from rolling mill data.13) 

 

On the other hand, the static recrystallization critical temperature (SRCT) is the 

temperature after which recrystallization starts to be inhibited by the effect of strain-

induced precipitation in microalloyed steels.14) Its determination is based on a 

knowledge, from isothermal tests, of the curves that represent the recrystallized fraction 

versus time.15) 

 

 The work presented in this paper has been carried out on a microalloyed steel 

with 0.007% Nb. The reason for choosing this unusual composition has been to study 

the influence that a very low niobium addition can have on the static recrystallization of 

austenite and thus on the final properties of the steel. Niobium is known to be the 

element that most delays static recrystallization kinetics, even when it is in solution.10, 

16-20) Physically, the activation energy for static recrystallization practically coincides 

with the grain boundary self-diffusion energy of pure iron, clearly affected by the 

presence of solutes and above all of precipitates.21, 22) As has been noted above, the 

literature contains many references to the determination of Tnr and SRCT. There are also 

some references on recrystallization-precipitation interaction in Nb microalloyed 

steels.23) However, among the abundant literature on Nb microalloyed steels, practically 

none refers to the influence of a low Nb content (<0.010%) on the three aforementioned 

aspects (Tnr, SRCT, R-P interaction) or the residual stress accumulated in austenite prior 

to reaching the Ar3 temperature. 
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 The work that is described here has involved the performance of rolling 

simulation tests in different conditions (interpass time Δt and strain applied in each pass 

ε), determining the evolution versus these variables of the different critical rolling 

temperatures (Tnr, Ar3, Ar1) and the residual stress accumulated in the austenite moments 

before the γ→α transformation (Δσr). In this way it has been found that certain rolling 

conditions (Δt, ε) allow such a low Nb addition to be effective on the hardening of the 

austenite. Furthermore, an analysis has also been made of the influence of Δσr on the 

value of Ar3. 

 

 On the other hand, SRCT has been calculated and the recrystallization-

precipitation interaction studied by the determination of RPTT diagrams for two 

different strains. The study of the influence that the precipitation derived from a very 

low Nb addition can have on recrystallization is completed by TEM analysis of the state 

of the precipitation existing in the austenite at deformation temperatures slightly above 

Tnr. This microscopy study will help to gain a deeper knowledge of the relation between 

the start of inhibition of recrystallization marked by Tnr and the start of strain-induced 

precipitation. 

 

2. Experimental Procedure 

 The steel studied, whose composition is shown in Table 1, was manufactured by 

Electroslag Remelting (ESR) in a laboratory unit capable of producing 30 kg ingots. 

This technique avoids macrosegregation, both in alloying elements and impurities, and 

there is considerably less microsegregation; these effects being present in conventional 
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ingots and continuous casting billets. Rolling simulations and calculation of the 

recrystallized fraction tests were carried out in a computer-controlled hot torsion 

machine, on specimens with a gauge length of 50 mm and diameter of 6 mm. 

 

 Prior to the simulation tests the specimens were austenitized at a temperature of 

1250ºC for 10 min. The temperature was then lowered to that corresponding to the first 

pass, which was 1150ºC. The simulation consisted of the performance of 20 passes, 

with a temperature step of 25ºC between passes, the last pass being carried out at 675ºC. 

 

 To study the influence of interpass time, this parameter was varied between 10 

and 500 s in the tests. The influence of the equivalent strain applied in each pass was 

also studied, carrying out two series of simulations respectively at strains of 0.2 and 

0.35. As for the strain rate, a value of 3.628 s-1 was always applied. 

 

 To determine the recrystallized fraction, the specimens were also previously 

austenitized at 1250ºC for 10 min followed by rapid reduction of the temperature to the 

testing temperature. The recrystallized fraction was determined at different 

temperatures, for the same equivalent strains and strain rate used in the simulations. The 

recrystallized fraction has been measured using the "back extrapolation" method.24) To 

ensure that the testing temperatures corresponded to the austenite phase, the critical 

transformation temperatures were measured by dilatometry, using a cooling rate of 0.25 

Ks-1, which corresponds to an interpass time of 100 s in the rolling simulation test. On 

the other hand, the austenite grain size (Dγ) was determined at 1250ºC for a reheating 

time of 10 minutes, by means of quenching and subsequent metallographic analysis of 
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20 fields, applying the linear intersection technique. The values found for Ar3 and Dγ are 

presented in Table 1. 

 

 Finally, the characteristics of the precipitates were determined by TEM, using 

the extraction replica technique. 

 

3. Results 

3. 1. Simulation Tests and Critical Temperatures 

 The torsion test gives the values of torque applied versus the number of turns 

made on the specimen, which are transformed respectively into equivalent stress and 

strain using Von Mises criterion.25) 

 

 Fig. 1 shows the simulation of 20 rolling passes for the steel studied. At first 

sight, two zones –that will later be referred to as phases– can be differentiated. In the 

first zone an increase in stress is seen as the temperature decreases, after which there is 

a change in the slope with an increase in the stress, which means a greater tendency to 

strengthening. The meaning of these zones is explained by observing the graphic 

representation of mean flow stress (MFS) versus the inverse of the absolute 

temperature. Figs. 2 and 3 show two examples of this graphic representation for two 

different interpass times. MFS is determined in each step by dividing the area below the 

stress-strain curve by the strain applied. 
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 In Fig. 2 it is possible to see four different zones. In the first zone (I), which 

corresponds to deformations at high temperatures, MFS grows as the temperature 

decreases. Austenite recrystallizes completely between passes and there is no 

accumulated stress. The increase in stress is due only to the decrease in temperature. 

 

 In the second zone of the curve (II) there is a change in the slope, which 

indicates a greater tendency towards hardening. Here the stress accumulates in the 

austenite, whose recrystallization between passes is partially inhibited. 

 

 The third phase (III), characterised by a drop in MFS as the temperature 

decreases, corresponds to the austenite→ferrite partial transformation. In the fourth and 

final region (IV), where the stress again rises as the temperature drops, the austenite-

ferrite transformation finishes and the eutectoid transformation takes place. 

 

 The intersection of the regression lines of phases I and II defines the value of 

Tnr, and the intersection of the regression lines of phases II and III determines the value 

of Ar3. The value of Ar1 is deduced from the curve corresponding to phases III and IV, 

and in practice is situated at a point close to the minimum of the parabola.7) 

Nevertheless, it is usually difficult to determine Ar1 –as for example in Fig. 3, where it 

has not been possible– since the low stress accumulated by the austenite for high strains 

and long interpass times impedes adequate checking of the drop in stress caused by the 

formation of ferrite. The values found for the three critical temperatures are shown in 

Table 2. 
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 In most cases, Ar3 is reached with a deformed austenite phase and thus with an 

accumulated residual stress Δσr that varies from one set of testing conditions to another. 

This value of Δσr can be measured from the graph of MFS versus the inverse of the 

temperature and will be given by the length of the vertical segment drawn at Ar3 and 

limited by the phase I straight regression line and the intersection with the phase II 

straight line, as is illustrated in Fig. 4. The values determined for the different interpass 

times and strains are also given in Table 2 

 

 The values presented in Table 2 and the interpretation of Figs. 5 and 6 allow an 

important conclusion to be drawn: even a small Nb addition in the steel (0.007%) is 

sufficient, under certain rolling conditions, to cause an appreciable inhibition of the 

static recrystallization of the austenite. In fact, it can be seen that for times of less than 

30 s and an applied strain equal to 0.2, the values obtained for Tnr and Δσr are quite high 

(around 940ºC and 50 MPa respectively). This means that when a steel which is being 

rolled in these conditions reaches a deformation temperature of 925ºC, the austenite no 

longer completely recrystallizes between successive rolling passes and will accumulate 

a residual strain during the passes performed at lower temperatures, which will reach 

values of close to 50 MPa for a deformation temperature close to the Ar3 transformation 

temperature. 

 

 However, when the interpass time is longer the austenite will have more time to 

recrystallize between successive passes. Furthermore, the application of a greater strain 

(ε = 0.35) will cause an acceleration of the static recrystallization kinetics of the 

austenite. In both cases (increase in interpass time or in the strain applied) the effect will 

be the same for the range of interpass times used: a drop in the values of Tnr and Δσr. 
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 It should be noted that along with the interpass time and strain, the two other 

parameters that influence the value of Tnr are the chemical composition and equivalent 

strain rate.26) 

 

 The values of Ar3 are similar for all the tests performed and their evolution 

versus interpass time, strain and residual stress Δσr is not completely clear. On the one 

hand, the shorter the interpass time and the lower strain applied, the higher the Δσr. 

Thus an increase in the Ar3 value could be expected as a result of the larger number of 

nucleation sites for the ferrite. However, on the other hand a shorter interpass time also 

means fastest cooling, which brings about a drop in Ar3. Finally the critical temperature 

Ar1 presents an interpass time and strain dependence similar to that of Ar3. 

 

 It is known that the simulation method shows its validity and utility in the 

determination of the critical transformation temperatures Ar3 and Ar1 in conditions 

similar to rolling. However, unlike dilatometry, this method is not sufficiently precise to 

distinguish the real transformation temperatures.6) When comparing the critical 

temperature values obtained by simulation and dilatometry it should be remembered 

that not only do these two methods differ in their nature, but that while the simulation 

method obtains MFS values every 25ºC, dilatometry records the contraction of the 

specimen in a practically continuous way. Furthermore, the MFS values are calculated 

from flow curves, while the contractions are directly measured during the dilatometry 

test. Even so, it is interesting to see that the Ar3 values obtained by the rolling simulation 

with an interpass time of 100 s and strains of 0.2 and 0.35 (747ºC and 734ºC 
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respectively) do not differ greatly from the value of 760ºC obtained for Ar3 by 

dilatometry with a cooling rate of 0.25 Ks-1. 

 

3.2. Static Recrystallization 

 Fig. 7 shows the recrystallized fraction versus the logarithm of time at different 

temperatures, for a strain of 0.35. The formation of a plateau can be seen on the curves 

corresponding to temperatures below 950ºC. This plateau, whose shape is similar to that 

which appears in all the Nb, V or Ti-microalloyed steels studied to date,22) represents 

the inhibition of recrystallization caused by strain induced precipitation and its start and 

finish have been identified with the start and finish of precipitation for practical 

purposes, since before and after the plateau the curve shows similar kinetics to curves 

corresponding to higher temperatures, which do not show a plateau and have the 

sigmoidal shape of Avrami's law, whose expression is as follows: 
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where Xa is the fraction of the recrystallized volume and t0.5 is the time corresponding to 

50% of the recrystallized volume, which depends on the temperature (T), strain (ε), 

strain rate (ε& ), grain size (D) and the chemical composition of the steel, according to 

the equation: 
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QDAt sqp exp5.0 εε &= ...................................(2) 
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where Q is the activation energy, R = 8.3144 J mol-1 K-1, p, q, s, A are constants. 

 

 When the strain was 0.2 (Fig. 8) the recrystallized fraction versus time curves 

for different temperatures were similar to Fig. 7, except that recrystallization is now 

slower, as the strain is smaller. 

 

 Figs. 7 and 8 have been used to deduce the temperatures and times 

corresponding to different recrystallized fractions, such as 0.1, 0.3, 0.5, 0.7, 0.9 and 

0.95, as well as the induced precipitation start (Ps) and finish (Pf) times. In this way, the 

RPTT diagrams of Figs. 9 and 10 have been drawn. In these diagrams the recrystallized 

fraction does not vary between the precipitation start (Ps) and finish (Pf) curves and is 

represented by a horizontal line, which is mathematically translated into a discontinuity 

of the derived function at the points of intersection with Ps and Pf. This means that in 

order to obtain a certain recrystallized fraction at a temperature below the precipitation 

start temperature it is necessary to take into account the precipitation duration time, as 

recrystallization does not progress during this time. On the other hand, it is seen that at 

the nose of the Ps curve, where the incubation time of precipitates (tN) is minimal, the 

recrystallized volume fraction is approximately 50%. Furthermore, the Xa lines 

corresponding to fractions equal to or less than 0.1 do not intercept the Ps curve. In 

other words, nucleation of precipitates is only possible for a recrystallized fraction of 

0.2 or higher. 

 

 Precipitation takes place between the Ps and Pf curves, but once the first 

precipitates form the phenomenon of coalescence begins, where small precipitates will 
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grow by Oswald ripening.27) Consequently, it is not easy to separate the individual 

contributions of precipitation kinetics and coalescence to the coarsening of precipitates. 

 

 Fig. 11 is obtained from the intersection of the different recrystallized fraction 

lines with the Ps and represents the relation existing between the recrystallized fraction 

and the temperature at which induced precipitation starts. The intersection of the two 

regression lines with the horizontal line corresponding to a recrystallized fraction equal 

to unity makes it possible to determine SRCT, which is 1224 K (951ºC) and 1248 K 

(975ºC) for the strains 0.35 and 0.2 respectively. These values in practice represent the 

horizontal asymptote of the Ps and Pf curves (Figs. 7 and 8). SRCT could also be 

defined as the temperature where precipitation starts and finishes when the 

recrystallized fraction is 100%. 

 

 Apart from SRCT, other important magnitudes that can be extracted from an 

RPTT diagram, and which are also indispensable for the perfect plotting of the diagram, 

are the previously mentioned incubation time (tN), the minimum time of the end of 

precipitation (t’N), the temperature of the nose of the Ps curve (TN) and the duration time 

of precipitation (t’N - tN). The values of SRCT, tN, t’N, TN as well as the solubility 

temperatures (Ts) deduced from the products of solubility2) are shown in Table 3. 

 

 It may be seen that, like Tnr, the value of SRCT is lower at greater strains, as a 

result of the acceleration of recrystallization kinetics despite the simultaneous increase 

in the density of dislocations and therefore in the number of sites for the nucleation of 

precipitates. Furthermore, SRCT always remains below the solubility temperatures, due 

to the fact that the strain-induced precipitation moves away from the thermodynamic 
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equilibrium conditions, with which the products of solubility are determined. An 

increase in the strain also reduces the nose temperature and the minimum incubation 

time, as well as the interval during which precipitation takes place (Ps - Pf). 

 

 Activation energy (Q) is an important parameter in static recrystallization 

kinetics, not only because its value depends on the chemical composition, and thus can 

be considered a parameter intrinsic to the steel, but also because its value would indicate 

the relative difficulty with which the different alloying elements contribute to self-

diffusion at the grain boundaries.21) The activation energy can easily be determined 

from Figs. 7 and 8. In accordance with Eq. (2), Fig. 12 shows the parameter t0.5 against 

the inverse of the absolute temperature for the steel studied, it being possible to 

appreciate two stages corresponding to temperatures above and below the precipitation 

start temperature (i.e. the intersection of the 50 % of recrystallized fraction line with the 

Ps curve). The function lnt0.5 against 1/T shows a discontinuity when the temperature 

reaches this value. The jump between stages takes place in an interval of time that 

coincides with the interval Pf – Ps close to the nose. The slope of each plot multiplied by 

the universal gas constant (R) gives the value Q before and after precipitation. In the 

first stage, Q was 222,000 J/mol, and in the second stage, after precipitation, the 

activation energy was 428,000 J/mol. In other words, the value of the activation energy 

changes from one stage to another and this occurs at a constant temperature during the 

time that precipitation takes place (Pf – Ps). After precipitation the activation energy 

increases significantly, which obviously means greater difficulty for the austenite to 

recrystallize. In fact, even small amounts of Nb like those used in this work can lead to 

a significant retardation of recrystallization, similar to the grain growth inhibition 

caused by the introduction of second phase particles to give the Zener drag effect28). The 
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inhibition of recrystallization occurs when pinning forces caused by strain-induced 

precipitation of very fine particles (usually NbCN) exceed the driving force for 

recrystallization29). This inhibition, which has already been observed for small Ti-

additions30), is revealed by the plateaus in the recrystallized fraction curves, and results 

in the rise of the slope of the MFS curve and to the aforementioned increase in the value 

of the activation energy Q after the plateau. If the values found for activation energy are 

compared with those corresponding to C-Mn steels or Vanadium microalloyed steels, it 

can be confirmed what was said in the introduction: i.e. that Nb –even in solution– 

notably contributes to delaying recrystallization kinetics. 

 

 It is also interesting to quantitatively compare the recrystallization behaviour of 

steel used with that of other steels having higher Nb contents. First of all, it can be 

observed that Tnr values extracted from simulation tests are somewhat lower than those 

found in previous studies carried out in similar conditions but using steels with higher 

Nb contents26), although the evolution versus interpass time is very similar. On the other 

hand, the temperatures SRCT and TN obtained from RPTT diagrams are also lower than 

those corresponding to steels having higher Nb contents 23), whereas the incubation time 

and the minimum time of the end of precipitation (tN and t’N) are longer. The shift of the 

start of recrystallization inhibition due to strain induced precipitation towards lower 

temperatures and longer times shows how the smaller the Nb addition is the most easily 

the austenite recrystallizes between two deformations. This is valid even though all the 

Nb is in solution, as the values for the activation energy Q before and after the plateau 

are lower for smaller Nb contents. 
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 With the aim of visually showing the phenomenon of recrystallization inhibition 

due to precipitation, some microstructures were determined (Figure 13). All these 

microstructures were observed on a longitudinal surface of the specimens, exactly at 

0.35 mm from the surface, in other words 2.65 mm from the axis, and were obtained 

taking into account the 950ºC curve in Fig. 7 and selecting different holding times after 

applying the strain of 0.35. At the end of each time the specimen was quenched and the 

microstructure was observed. The times chosen were: 30 s (Fig. 13a); 80 s (Fig. 13b); 

150 s (Fig. 13c) and 400 s (Fig. 13d). As can be seen in Fig. 7, the first time chosen 

corresponds to a point before the start of precipitation while the other three times 

correspond to the beginning, the middle and the end of the plateau. The recrystallized 

fraction was measured by optical microscope observation of more than 10 fields and has 

been noted at the foot of the figure. Its comparison with the recrystallized fraction 

calculated by the back extrapolation method indicates that this method has a high 

precision 

 

 Comparison of the values of Tnr and SRCT is not easy, as the two parameters do 

not have the same definition.14) Both represent the start of inhibition of recrystallization, 

but Tnr is determined by means of continuous cooling rolling simulations and depends 

on the interpass time, while SRCT is determined by isothermal tests and is independent 

of the time. Nonetheless, the incorporation in Fig. 5 of the SRCT values obtained for 

the two strains used shows how for all the range of interpass times used, Tnr presents a 

value below SRCT. It is to be remembered that for shorter interpass times the value of 

Tnr in microalloyed steels would be greater than SRCT and would pass through a 

minimum, which occurs at an interpass time between 10 and 15. For medium times, Tnr 

increases with rising interpass time because of the increasing volume fraction of fine 
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precipitates. Finally, for interpass times higher than 50 seconds, Tnr decreases again as a 

consequence of precipitate coarsening.26) 

 

 In Fig. 2 it can be seen how the steel presents complete recrystallization between 

passes for a deformation temperature of 950ºC (temperature above Tnr) and an interpass 

time of 20 s. However, Fig. 7 indicates that the recrystallized fraction for this 

temperature and holding time is approximately 65%. Bearing in mind the acceleration in 

recrystallization kinetics due to refining of the austenite grain, which in turn is a 

consequence of applying successive rolling passes, the recrystallized fraction curves 

would shift towards shorter times as the rolling passes are applied. Thus, a steel that is 

being deformed at temperatures below SRCT can pass the stage of inhibition of 

recrystallization by induced precipitation (represented by the plateaux in Fig. 7) and 

reach complete recrystallization in a much shorter time than that indicated by the curves 

in Fig. 7. In this case the phenomenon of induced precipitation would be presented in 

the steel for rolling passes applied at temperatures above Tnr. 

 

3.3. Precipitation State at No-Recrystallization Temperature 

 With the aim of studying the microstructure of austenite and the induced 

precipitation state at no-recrystallization temperature, two specimens were tested 

following two different schedules and subsequently quenched at temperatures slightly 

above Tnr. Thereby, two simulations were carried out according to the conditions 

presented in Figs. 2 and 3, with the difference that the last deformation pass was now 

performed at 975ºC and 800ºC respectively. Finally, after the corresponding interpass 

times and a drop of 25ºC, the specimens were quenched at 950ºC and 775ºC 

respectively, and the microstructures were observed on a longitudinal surface. These 
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microstructures are shown in Figs. 14 and 15, where it can be seen that, just before Tnr, 

there is a certain fraction of non-recrystallized austenite. Nevertheless, it is difficult to 

determine this non-recrystallized fraction, since the small austenite grain size makes it 

difficult to distinguish between recrystallized and non-recrystallized grains.16) 

 

 Figs. 16 and 17 show how precipitation has started before Tnr for the two 

selected interpass times. However, the precipitated volume in the specimen deformed 

with an interpass time of 20 s (Fig. 16a) is much smaller than that of the specimen 

tested with an interpass time of 200 s (Fig. 17a). It should be noted that the quenching 

temperature for the first specimen was much greater than for the second. 

 

 The electron energy dispersive X-ray spectra of Figs. 16b and 17b show the 

presence of Nb and the lattice parameters determined from Figs. 16c and 17c reveal a 

f.c.c. cubic lattice with a value of a = 0.437 nm, which are identified, in accordance 

with the reference values found in the literature, as a niobium nitride or carbonitride.28) 

 

 The results of the latter study suggest that, depending on the rolling conditions, 

the start of inhibition of recrystallization as determined by Tnr could be a consequence 

of induced precipitation or can simply indicate that the interpass time is not long enough 

to complete the recrystallization of austenite between two consecutive hot rolling 

passes. 

 

4. Conclusions 
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-Under certain rolling conditions (interpass time < 30 s and ε = 0.2), an addition of 

thousandths of niobium in the steel may be sufficient to inhibit the static 

recrystallization of austenite and to achieve fine final microstructures. 

 

-In general, an increase in the interpass time or in the strain applied in each pass leads to 

a reduction in the value of Tnr and of the residual stress accumulated in the austenite 

before the γ→α transformation. 

 

-The values of Ar3 and Ar1 are similar for all the tests performed and their evolution 

versus interpass time, strain and residual stress is not completely clear. 

 

-The simulation method is useful and fairly exact for determining the apparent critical 

transformation temperatures Ar3 and Ar1 in similar conditions to rolling. 

 

-The inhibition of recrystallization represented by Tnr does not always coincide with the 

start of strain-induced precipitation. Future studies will try to confirm in which cases 

this inhibition is due only to the lack of time to recrystallize or whether it starts from a 

certain volume of precipitate. 
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Table 1. Chemical composition (mass%), cooling transformation temperature Ar3 at 

0.25 Ks-1 and austenite grain size (Dγ) at 1250ºC × 10min in the steel studied. 

C Si Mn P S Nb Al O N Ar3 (ºC) Dγ (μm)
0.20 0.20 1.0 0.024 0.013 0.007 0.006 0.0057 0.0056 760 140 
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Table 2. Tnr, Ar3, Ar1 and Δσr values for steel used, determined by 20 passes hot rolling 

simulation. From 1150ºC to 675ºC and interpass temperature step of 25ºC. 

Strain rate = 3,628 s-1. Reheating conditions: 1250ºC × 10 min. 

 ε = 0.2 ε = 0.35 
Δt (s) 10 20 30 60 100 200 500 20 30 60 100 200 

Tnr (ºC) 936 937 938 929 916 878 754 926 931 905 866 753 
Ar3 (ºC) 737 746 731 741 747 735 725 742 735 755 734 725 
Ar1 (ºC) 701 725 708 721 730 - - 717 716 - - - 

Δσr (MPa) 49.11 50.52 50.4 33.34 32.54 32.46 14.15 26.08 25.46 12.3 11.95 12.28
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Table 3. Temperature TN of the Ps curve nose; minimum incubation times tN and t’N for 

Ps and Pf curves, respectively; static recrystallization critical temperature 

(SRCT) and solubility temperatures (Ts). 

 
Strain 

ε 

 
tN 
s 

 
t’N 
s 

 
TN 

K (ºC) 

 
SRCT 
K (ºC) 

Ts 
K (ºC) 

(NbC0.87) (NbN) (NbC0.7N0.2) 
0.2 58 510 1194 

(921) 
1248 
(975) 

 
1260 
(986) 

 
1238 
(965) 

 
1310 

(1037) 0.35 23 220 1170 
(897) 

1224 
(951) 

 
 



 29

 

 

 

0 1 2 3 4 5 6 7
0

50

100

150

200

250

300
Austenitization: 1250 ºC×10 min
First pass: 1150ºC
Last pass: 675ºC
Interpass time: 20 s
Pass strain: 0.35
Strain rate: 3.628 s-1

E
qu

iv
al

en
t s

tre
ss

 (M
P

a)

Equivalent strain

 

Fig. 1 Stress-strain curves corresponding to 20 pass torsion sequence. 
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Fig. 2 Dependence of Mean Flow Stress (MFS) on inverse of absolute temperature, 

according to given schedule. 
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Fig. 3 Dependence of Mean Flow Stress (MFS) on inverse of absolute temperature, 

according to given schedule. 
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Fig. 4 Dependence of Mean Flow Stress (MFS) on inverse of absolute temperature, 

according to given schedule, illustrating how the residual stress (Δσr) is 

measured. 
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Fig. 5 Interpass time and strain dependence of Tnr. 
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Fig. 6 Interpass time and strain dependence of Δσr. 
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Fig. 7 Variation in the recrystallized fraction (Xa) with time (t). ε = 0.35. 
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Fig. 8 Variation in the recrystallized fraction (Xa) with time (t). ε = 0.2. 
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Fig. 9 RPTT diagram. ε = 0.35. 
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Fig. 10 RPTT diagram. ε = 0.2. 
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Fig. 11 Recrystallized fraction (Xa) against the temperature of intersection between the 

recrystallized fraction lines and Ps curve. 
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Fig. 12 Plot of t0.5 against the reciprocal of the absolute temperature. 
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c)  

d)  

Fig. 13 Microstructure of recrystallized fraction in austenite deformed at 950ºC, ε = 

0.35. a) Holding time 30 s (Xa = 0.65); b) Holding time 80 s (Xa = 0.85); c) 

Holding time 150 s (Xa = 0.88); d) Holding time 400 s (Xa = 0.90). 
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Fig. 14 Microstructure obtained in steel studied by simulation of following conditions: 

pass strain 0.35; pass strain rate 3.628 s-1; interpass time 20 s; final pass 

temperature 975ºC; quench temperature 950ºC. 
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Fig. 15 Microstructure obtained in steel studied by simulation of following conditions: 

pass strain 0.35; pass strain rate 3.628 s-1; interpass time 200 s; final pass 

temperature 800ºC; quench temperature 775ºC. 
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Fig. 16 a) TEM image showing the precipitates of niobium. ε = 0.35. Interpass time = 

20 s, quench temperature = 950ºC; b) energy dispersive X-ray analysis 

spectrum showing Nb; c) electron diffraction pattern. 
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Fig. 17 TEM image showing the precipitates of niobium. ε = 0.35. Interpass time = 

200 s, quench temperature = 775ºC; b) energy dispersive X-ray analysis 

spectrum showing Nb; c) electron diffraction pattern. 


