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Abstract

:

Interrupted and continuous hot compression tests were performed for eutectoid steel over the temperature range of 850 to 1050 °C and while using strain rates of 0.001, 0.01, 0.1, and 1 s−1. The interrupted tests were carried out to characterize the kinetics of static recrystallization(SRX) and determinate the interpass time conditions that are required for initiation and propagation of dynamic recrystallization (DRX), while considering that the material does not contain microalloying elements additions for the recrystallization delay. Continuous testing was used to investigate the evolution of the austenite grain size that results from DRX. The results indicate that carbon content accelerates the SRX rate. This effect was observed when the retardation of recrystallization due to a decrease in deformation temperature from 1050 to 850 °C was only about one order of magnitude. The expected decelerate effect on the SRX rate when the initial grain size increases from 86 to 387 µm was not significant for this material. Although the strain parameter has a strong influence on SRX rate, in contrast to a lesser degree of strain rate, both of the effects are nearly independent of the chemical composition. The calculated maximum interpass times that are compatible with DRCR (Dynamic Recrystallization Controlled Rolling), for relatively low strain rates, suggest that the onset and maintaining of the DRX is possible. However, while using the empirical equations that were developed in the present work to estimate the maximum times for high strain rates, such as those observed in the wire and rod mills, indicate that the DRX start is feasible, but maintaining this mechanism for 5% softening in each pass after peak strain is not possible.
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1. Introduction


It is well known that increasing carbon content increases the strength of steel, but usually at the expense of fracture toughness. Grain refinement through thermal or thermo-mechanical treatments is a powerful tool for the simultaneous improvement of strength and fracture toughness. This is the main metallurgical reason motivating the development of HSLA (High Strength Low Alloy) steels [1]. In low C steels, the ferrite grain size represents the most important microstructural parameter, because a strength and toughness increase can be achieved as a result of ferrite grain refinement from refined austenite grains. In high C steels of eutectoid or hypereutectoid compositions, the strength and toughness are controlled by different microstructural parameters. Pearlite interlamellar spacing is primarily responsible for strength in high C steel. Decreasing the spacing increases the strength. Decreasing the transformation temperature can refine interlamellar spacing [2,3,4]. However, it has been shown that interlamellar spacing is also dependent on the prior austenitic grain size for a constant transformation temperature [2,5,6]. Prior austenitic grain size also influences ductility and fracture toughness, but, in this case, on a greater level than the interlamellar spacing of pearlite [2,7,8]. Thus, the austenitic grain size for high carbon steels also plays an important role in improving their mechanical properties.



Pearlitic steels of eutectoid and hypereutectoid composition are extensively used for different engineering applications, because they offer a useful combination of strength, ductility, and wear resistance. The principal application of these steels is in rails and railroad wheels. They are also widely used as reinforcement wires in the fabrication of automobile tires, conveyors, hoses, and bunched arrays for bridge cables. For all of these applications, the pearlitic wire rods are cold drawn into wires, which achieve the highest strength of all steel products, up to approximately 6 GPa [9,10]. Cold drawn high carbon steel wire rods are produced from continuous casting billets, which are pre-heated and then hot rolled. Finally, they are isothermally transformed in lead or salt baths at the temperatures range of 1050-850 °C [11] or water cooled to temperatures between 960 and 750 °C for subsequent continuous cooling by air-blasting on a conveyor [9]. Producing a fine pearlite microstructure is the aim of these heat treatments.



Optimization of mechanical properties of wire rods for cold drawing process begins during hot deformation. This is because recrystallization plays an important role in the grain refinement of the austenite. There are three types of recrystallization that can take place during or after hot deformation: dynamic (DRX), metadynamic (MDRX), and static recrystallization (SRX). During industrial hot rolling, the length of the interpass time plays an important role. When the interpass time is long, as in plate rolling in reversing mills, there is sufficient time for the occurrence of SRX or carbonitride precipitation in Nb microalloyed steels. On the other hand, when the interpass time is short, as in the finishing stages of rod rolling, there is no time for SRX and carbonitride precipitation. Under these conditions, strain accumulation takes place, which leads to the initiation and propagation of DRX [12]. This type of industrial processing is termed dynamic recrystallization controlled rolling (DRCR). Moreover, at relatively low temperatures, DRX is an alternative and effective softening mechanism that can produce further grain refinement [13].



Niobium is the most advantageous and effective microalloying element that is used in HSLA steels to delay the onset of recrystallization. For many years, small additions of Nb in the range of 0.03 to 0.05% (that can readily be dissolved at ordinary soaking temperatures) have been used to refine ferrite grain size in the final product as a result of austenite grain refinement by static and dynamic recrystallization retardation during controlled rolling [14].



For this reason, the recrystallization kinetics for niobium and other microalloyed steels has been extensively studied [15,16,17,18,19,20,21,22,23,24,25,26,27]. On the other hand, because only approximately 0.01% Nb can be dissolved in austenite at 1200 °C for 0.8% C [14], the austenite recrystallization kinetics in high carbon steels is relatively unexplored [28,29]. Moreover, the static softening rate during an interpass time of dynamically recovered or recrystallized hot deformed steel increases with carbon content. This is due to the increase in the diffusivity of vacancies, which enhances static recovery (SRV), SRX, metadynamic recovery (MDRV), and MDRX [28].



In the case of eutectoid steel without microalloying additions, it is of scientific and technological interest to establish the interpass time conditions that are required for strain accumulation before and after DRX and determine the grain refinement grade that might be achieved by continuous deformation with that mechanism. Therefore, the aim of the present work was to develop mathematical expressions that can be used to describe the evolution of the grain structure by DRX refinement and the SRX softening to predict the interpass time conditions for the initiation and propagation of DRX. Isothermal interrupted hot compression tests determined the SRX behavior during hot deformation of this high carbon steel. The evolution of the austenite grain size was studied by continuous hot compression tests and quantitative metallography.




2. Materials and Experimental Techniques


Table 1 shows the chemical composition of the material used in this investigation. This eutectoid steel was supplied by local producer as hot rolled rail steel stock. High temperature compression tests were carried out using a servo hydraulic universal testing machine (MTS System Corporation) that was equipped with an infrared radiation furnace. The compression test specimens were machined with dimensions of 15 mm in height and 10 mm in diameter and their cylinder axes parallel to the rolling direction of the as received rail steel. Each compression specimen and dies were lubricated with dry molybdenum lubricant to reduce the frictional effects.



2.1. Double-hit Interrupted Compression Tests


Two sets of interrupted compression tests were carried out to determine the SRX kinetics behavior. The first set was designed to investigate the effect of temperature (1050, 950, and 850 °C), strain rate (0.01, 0.1, and 1 s−1), and strain (0.05, 0.10, and 0.15) on the recrystallized fraction XSRX produced by the thermo-mechanical treatment, as illustrated in Figure 1a. The second of experiments set was performed to determine the effect of the initial austenite grain size (387, 195, and 86 µm) on the recrystallized fraction (Figure 1b). In this experimental technique, the specimen is subjected to deformation with a given strain at constant strain rate, unloaded, and then soaked at the same temperature for interpass times of 1, 5, 10, 30, and 100 s after heating and cooling to the deformation temperature. After that interruption period, the specimen is reloaded while using the same deformation conditions.



Double deformation testing is the most usual indirect measurement technique that is employed to determine fractional softening F.S. This technique provides a softening value with contributions from recovery and recrystallization. Although there are several methods for analyzing the true stress/strain curves, from double-hit deformation experiments, it is difficult to separate the individual effect of recovery and recrystallization.



The conventional 0.2% offset method usually results in higher softening values than those that were obtained from the recrystallized fraction direct measurements by quantitative metallography. In this method, the contribution of recovery softening to F.S. results in being 20% at the shortest interruption times [30]. The back extrapolation [19] and mean flow stress [15] are the other techniques reported in the literature to quantify the F.S. These methods significantly reduce the contributions of recovery to F.S. Li et al. [16] performed a comparison between the 0.2, 2% offset and the mean flow stress methods and reported that the 2% offset technique is the best for minimizing the recovery effect.



Perttula et al. [31] have suggested that a comparison of flow stresses at larger true strains results in better estimations of F.S. without recovery contribution. They confirmed the technique by direct recrystallization measurements by quantitative metallography. Figure 2 makes a comparison between three of the most commonly used methods to estimate the fractional softening (F.S.) from double-hit compression tests.



The 0.2% offset method employs the following definition for fractional softening:


  F . S . =    σ m   (  0.2  %   offset   )  −  σ 2     (  0.2  %   offset   )     σ m   (  0.2  %   offset   )  −  σ 1     (  0.2  %   offset   )     



(1)




where    σ m    (0.2% offset) is the end flow stress corresponding to the unloading strain in the first hit,    σ  2     (0.2% offset) and    σ 1    (0.2% offset) are the 0.2% offset flow stresses in the second and first hits, respectively. As can be seen in Figure 2 for an interruption time of 1 s (lower softening),    σ m    (0.2% offset)   >  σ 2    (0.2% offset), therefore the method results in fractional softening value different of zero. Fractional softening (F.S.) in terms of mean flow stress using a similar definition to the Equation (1):


  F . S . =      σ ¯   m  −    σ ¯   2       σ ¯   m  −    σ ¯   1     



(2)




where      σ ¯   2    and      σ ¯   1    are the mean flow stresses for the second and first stress-strain curves, respectively. The      σ ¯   m    value is the mean flow stress for the second curve corresponding to zero softening (0 s interruption time). In Figure 2 the      σ ¯   m  −     σ ¯    2    (1 s) value represents the material softening from 1 s of interpass time. Thus, the method results in a fractional softening very close to zero. Finally, the fractional softening corresponding to the 5% strain method is evaluated, as follows:


  F . S . =    σ m   (  5 %  )  −  σ 2   (  5 %  )     σ m   (  5 %  )  −  σ 1   (  5 %  )     



(3)




where the    σ m    (5%) value is the true stress in the zero softening curve at strain of 5%.    σ 2    (5%) and    σ 1    (5%) are the flow stresses at strain of 5% in the second and the first hits, respectively. In contrast to the previous methods, in this case the stress    σ m    (5%) 1 s, 30 s   =  σ 2    (5%) 1 s, for the 1 s interruption time curve, therefore the fractional softening (F.S.). is equal to zero. This is due to the effect of recovery softening in austenite being limited at larger strains. Thus, after the interruption period and reloading, the flow stress quickly attains the continuous (zero softening) curve and it remains away from the strain of 5% measurement point, as illustrated for the 1 s curve in Figure 2. Therefore, the 5% strain method was used to quantify the recrystallized fraction XSRX while assuming that it is equal to the fractional softening (F.S.) calculated by this method.




2.2. Continuos Compression Tests


Continuous hot compression tests were performed to investigate the austenite grain structure evolution caused by DRX refinement. These compression tests were carried out to study the effects of temperature (1050, 950, and 850 °C) and the strain rate (0.001, 0.01, and 0.1 s−1) on the austenite grain size under the schedule in Figure 1a at true strain of 0.8, followed by water quenching. Average grain size was measured while using the method that was described in the ASTM standards [32].





3. Results and Discussion


3.1. Interrupted Hot Compression Testing


3.1.1. Influence of Deformation Conditions on the Kinetics of Static Recrystallization


Double-hit hot compression tests were performed at different temperatures, strain rates, strains, and initial austenite grain size in order to obtain mathematical expressions that can be used to describe the softening associated with SRX and evaluate the interpass time conditions for initiation and propagation of DRX for this high carbon steel. The 5% strain method was employed to calculate the fractional softening from the true stress-strain curves that were obtained while using different interpass times. Figure 3 illustrates the results of the experiments performed at a temperature of 1050 °C, a strain rate of 0.1 s−1, a strain of 0.1, and interpass times from 0 to 100 s. As can be seen, when the interpass time increases, the fractional softening also increases from 1 s of interruption time, which results in a fractional softening of 2%. The second deformation curve obtained after 1 s of interruption time rapidly increases and attains the continuous curve (zero seconds curve) flow stress value. The fractional softening reaches a value of 96% when the interruption period is increased to 100 s. Additionally, as can be seen, the stresses    σ 1    (5%) and    σ 2    (5%) are nearly equal, which indicates an almost total restoration of the deformed microstructure.



Figure 4 shows the effect of temperature, strain rate, strain, and the initial austenite grain size on the fractional softening due to SRX (XSRX). As can be seen, these curves exhibit typical sigmoidal behavior on the logarithm time.



Figure 4a presents the defect of deformation temperature in the range 1050 to 850 °C at a strain rate of 0.1 s−1, a 0.10 of strain and initial grain size of 387 µm on the SRX kinetics. As can be seen, increasing the deformation temperature accelerates the kinetics of SRX and causes an increase in the recrystallized fraction XSRX. At 10 s interruption time, an increase in deformation temperature from 850 to 950 °C results in an increase in recrystallized fraction from 8 to 20% (i.e., a relative increase of 150%). On the other hand, for an increase in deformation temperature from 950 to 1050 °C, the recrystallized fraction increases from 20 to 46%, and a relative increase of 130% is attained. These observations suggest that decreasing the deformation temperature from 1050 to 850 °C, fractional softening (for a given strain rate, strain, and initial austenite grain size), causes a delay of about an order of magnitude in the rate of SRX.



The effect of strain rate on recrystallized fraction XSRX for the present steel deformed at 950 °C is very similar to the effect of the deformation temperature. As can be seen in Figure 4b, for a given interruption time, the XSRX increases as the strain rate increased from 0.01 to 1 s−1. This type of behavior is usually associated with a decrease in the amount of dynamic recovery; therefore, an increase in the dislocation density as the strain rate increases. The dislocation density is related to the stored energy of deformation, which is responsible for the driving force for recrystallization [15]. According with the results that are presented in Figure 4b, the acceleration of softening rate caused by increasing the strain rate by two orders of magnitude is about one order of magnitude for a constant softening value in the present eutectoid steel.



Figure 4c illustrates the effect of strain on the recrystallized fraction (at constant deformation temperature, strain rate, and initial austenite grain size). Similar to the behavior that was observed for the effect of temperature and strain rate, increasing the magnitude of applied strain causes an increase in the recrystallized fraction. This is because larger strains produce greater dislocation densities and, consequently, increase the driving force that promotes recrystallization. It is interesting that the delay on the start of static recrystallization that was observed at smaller strains is stronger than that caused by a decrease in the deformation temperature or strain rate. The softening rate decreases by about 2.5 orders of magnitude by decreasing the applied strain from 0.15 to 0.05 for the same recrystallized fraction.



Finally, as shown in Figure 4d, the effect of the initial austenite grain size is small and, as the initial grain size increases, the recrystallized fraction decreases for a given interruption time. This effect can be attributed to the larger grain boundaries area that is associated with smaller initial grain size, which, in turn, increase the number of available nucleation sites for recrystallization [33,34]. It is noteworthy that, for the deformation conditions and the range of initial austenite grain sizes employed in this work, the effect of this microstructural characteristic on the static recrystallization rate is almost negligible and the curves that are illustrated in Figure 4d practically overlap each other.



It is well known that static recrystallization is a process that involves nucleation and growth of new grains from a deformed microstructure. Therefore, from a phenomenological viewpoint, the recrystallized fraction XSRX can be described by the Avrami equation [35]. Equation (4) describes the complete kinetics behavior as a function of the time that is required to attain a recrystallization volume fraction of 50% (t0.5). Equation (5) gives t0.5 as a function of deformation parameters [36]:


   x  SRX   = 1 − exp ( − 0.693    (   t   t  0.5      )   n   



(4)






   t  0.5   =  A 1   ε  − p    Z  − q    d 0    r  exp  (     Q  S R X     R T    )   



(5)







In Equation (4) n is the Avrami exponent that represents the dependence of the recrystallized fraction on the nucleation and growth rates of new grains. A1, p, q, and r are the empirical constants that depend on the material,   ε   is the applied strain, d0 is the initial austenite grain size (μm), Z(   ε ˙    exp (Qdef/RT)) is the Zener-Hollomon parameter (s−1), Qdef and QSRX are the apparent activation energies for deformation and recrystallization (kJ/mol), R is the universal gas constant (J/mol·K), and T is the absolute temperature (K).



Determination of n


According with Equation (4), a plot of   ln ( ln 1 / 1 −  X  SRX   )   as a function of   ln ( t )   allows for the determination of n from the slope of the straight lines. Figure 5 illustrates the resulting of   ln ( ln 1 /  (  1 −  X  SRX    )  ) − ln ( t )   plot of various experimental conditions that were used in the present work. Assuming some experimental scatter, which is not significant, involved in the n measurements within the ranges of the experimental deformation conditions, the average value of the Avrami exponent can be assumed to be independent of the deformation conditions. Other authors have extended this assumption, including the chemical composition of this steel [15]. As can be seen, from the data that are presented in the Figure 5, when the temperature and strain decrease, the n value decreases. In contrast, when the strain rate decreases, the value of n increases. These tendencies of little variation of n have been reported by others researchers for different steels [15,18,37]. For the case of the effect of initial grain size, some investigators have reported reductions at n from 2 to 1 as the initial grain size increases from 140 to 530 μm [30], grain sizes from 17 to 40 μm that produce n values about 1 [15]. In the present study, increasing the austenite grain size from 86 to 387 μm resulted in n values that only slightly increase from 0.9 to 1.



The resulting average n value for the present study is 0.92. This n value was used in Equation (4) to calculate the effect of temperature, strain rate, strain, and initial austenite grain size (Figure 4) on the static recrystallization kinetics of the steel investigated in this work. The calculated XSRX curves are plotted in Figure 4, together with the experimental data. As can be seen, the fitting is quite good. The n average value for SRX obtained in the present work is similar to that reported by other researchers for different chemical compositions of steels [15,17,18,21,29].




Dependence of t0.5 on the Deformation Parameters


Logarithms were applied to both sides of Equation (5), obtaining the following expression   ln  t  0.5   = ln  A 1  − p ln ε − q ln Z + r ln  d 0  +  Q  S R X   / R T   to evaluate the dependence of    t  0.5     on deformation parameters. From this expression is possible to perform a single evaluation of the parameters  ε , Z, d0 and T as a function of    t  0.5     (which is obtained from the sigmoidal curves based on experimental values that are shown in Figure 4) and obtain the constants values p, q, r, and QSRX that are the slopes of the lines in Figure 6.



Static recrystallization is a thermally activated process that can be characterized by empirical apparent activation energy QSRX. The value of QSRX is usually estimated by plotting the inverse temperature dependence of   ln  t  0.5    . As can be seen in Figure 6a, QSRX/R is the slope of the resulting straight line and R is the universal gas constant equal to 8.3144 J/mol·K. The value of QSRX obtained in the present study is 122.2 kJ/mol. A large QSRX value means that greater energies or times are required for starting the recrystallization process. Some authors report that most alloying elements have a retardation effect on recrystallization, with a greater influence played by Nb, Ti, and Mo [28,38]. In the case of carbon (C) content, the main alloying element in steel, some researchers have reported a recrystallization acceleration effect [28,38], but other investigators suggested that C and V do not have a significant effect on recrystallization kinetics [39]. For example, Medina and Fabregue [38] studied the static recrystallization kinetic in steels with the following compositions: Fe-0.622C-0.546Mn-0.159SiandFe-0.849C-0.727Mn-0.258Si. The activation energy for the static recrystallization in each steel was found to be the same (92 kJ/mol). The authors suggested that, in this case, the retarding effect that was caused by an increase in Mn content was balanced by the acceleration effect that was produced by the increment in C content. As a result, the activation energy for static recrystallization in both steels was the same. In addition, a third steel composition was evaluated in which the carbon content was decreased, no Si was added, and the Mn content was slightly smaller than that the previous steel (0.191C-0.826Mn-0Si). As expected, the activation energy for SRX in this steel increases to 130 KJ/mol, which indicated that the retardation effect of Mn dominatedthe kinetics of recrystallization. In contrast, Medina and Mancilla [39] investigated the effect of C content on the kinetics of static recrystallization for three steels with the following compositions: Fe-0.15C-0.74Mn-0.21Si, Fe-0.36C-0.82Mn-0.20Si, and Fe-0.53C-0.71Mn-0.21Si. The activation energies that were reported by these researchers for these compositions were 159, 169, and 158 kJ/mol. Therefore, they conclude that C does not have a significant effect on the static recrystallization kinetics and the retardation effect of Mn and Si controls the process. The magnitude of the activation energy for static recrystallization obtained in the present work for eutectoid steel (122 kJ/mol) is clearly within the range of values that were reported in the literature for steels of similar compositions. In this case, the observed value suggests that the static recrystallization process is controlled by the combined effect of retardation by Mn and acceleration by C. Finally, it is worthy to mention that much higher values of activation energy have been reported for medium carbon [18] (180 kJ/mol), low carbon [40] (248 and 263 kJ/mol), and low carbon Nb microalloyed steel [15] (404 kJ/mol).



Figure 6b illustrates the magnitude of the effect of strain rate (Z) on the time to obtain 50% of softening by static recrystallization. This plot assumes a simple empirical power law relationship (   t  0.5      α     Z  − P    ) between    t  0.5     and Z. The constant q resulting from the analysis of the experimental data obtained in the present work is 0.43 (this value is the same if it calculates as a function of    ε ˙   ). This value is similar to those observed (0.41, 0.36, 0.42, and 0.33) by Laasraoui and Jonas [15] for four low carbon steels with Nb, Cu, and B additions. Similarly, Barraclough and Sellars [30] reported a value of 0.38 for SRX behavior for a 304 stainless steel, Sun and Hawbolt [40] observed a value of 0.38 for two commercial plain carbon steels, Medina and Lopez [41] reported a value of 0.44 for a C-Mn and V microalloyed steels and, finally, Elwazri et al. [17] reported a value of 0.40 for a hypereutectoid microalloyed steel.



At deformations below the peak strain for DRX, softening is due to SRX (excluding the softening associated with recovery). Under this regimen of deformation, smaller strains than the peak strain in the flow curves, there is a relativity high dependence of t0.5 on strain (ε) and it is illustrated in Figure 6c. The constant p, the slope of the   ln  t  0.5   − ln ε   relationship, is equal to −3.37. This value is close to the range of values reported by Laasraoui and Jonas [15] from −3.55 to −3.81. Other investigators reported strain exponent p values of −2 and −2.6 [17,29,41]. These low values can be explained in terms of the influence of the method used for the quantification of the fractional softening. The obtained data in the present work were also analyzed while using the 0.2% Offset method to calculate the softening fraction. The resulting strain exponent was −2.44, which is similar to those reported by other researchers.



Finally, according to the data presented in Figure 6d, there is a linear relationship between   ln  t  0.5   − ln  d 0    (initial austenite grain size). The slope that was calculated for this relationship is r = 0.31. Values reported in the literature for this constant are usually between 1 for low carbon steels [21,40] and 2 for low carbon microalloyed steels [16,21]. However, for high carbon steels, there is no available information for this constant. As previously mentioned, increasing the initial grain size reduces the grain boundary area, which leads to a decrease in the density of potential nucleation sites for SRX (slowing down that process). However, from the results that were obtained in this work for high carbon steel, it appears that the recrystallization delay that was caused by increasing the initial austenite grain sizes is negligible in the range of 86 to 387 µm.






3.2. Continuous Hot Compression Testing


Dynamically Recrystallized Grain Size


The effect of temperature and strain rate on the DRX grain size was determined while using continuous axisymmetric hot compression tests at temperatures from 850 to 1050 °C and strain rates between 0.001 and 0.1 s−1. Compression specimens were rapidly quenched into water after true strains of 0.8. The austenite grain size was estimated by standard metallographic techniques.



Figure 7d presents the results of these experiments. As can be seen from the figure, when the deformation temperature increases at constant strain rate, the final austenite grain size increases. On the other hand, at constant temperature, the final grain size decreases when the strain rate increases.



The dependence of dynamically recrystallized grain size on temperature and strain rate follows the relationship [42]:


   d  DRX   = B  Z  −  P 1     



(6)




where dDRX is the average refined grain size, B and p1 are constants and Z is the Zener-Hollomon parameter. Sellars and Tegart [43] proposed an expression that relates the Z parameter and the peak stress (σp):


  Z =   ε ˙   exp  (   Q  d e f   / R T  )  =  A 2   (  sin h   ( α  σ p  )    n 1     )   



(7)




where α, A2, and n1 are constants, Qdef is the activation energy for deformation (kJ/mol), and R is the universal gas constant (J/mol·K). This expression can be re-written in logarithm form as a function of strain rate:


  ln   ε ˙   =  n 1  ln  (  sin h ( α  σ p   )  + ln  A 2  −  Q  d e f   / R T  








from this expression, it is possible to obtain the stress exponent n1 by plotting the   ln   ε ˙     term as a function of   ln  (  sin h ( α  σ p   )   ,    σ p    is the peak stress in the DRX flow curves. To determine n1, α can be varied so as to minimize the standard deviation that is associated with fits of the experimental data to the above equation [42,44]. The values of α = 0.0175 and n1 = 4.16 are obtained while using this procedure and are presented in Figure 7a. These values are similar those that were reported by other authors, such as α = 0.020 and n1 = 3.7 for a Ti steel [44], α = 0.016, and n1 = 3.9 for a Mo steel [42], α = 0.012 and n1 = 4.2 for a Cu-Nb-B steel [45]. From the values of α and n1 of this work, the activation energy of deformation Qdef was obtained with the following expression:


  ln  (  sin h ( α  σ p  )  )  =  (   Q  d e f   /  n 1  R T ) + ( ln   ε ˙   /  n 1  ) − ( ln  A 2  /  n 1   )   








plotting   ln  (  sin h ( α  σ p  )  )    as a function of 1000/T, as shown in Figure 7b, the average value from the slopes of the straight lines   (  Q  d e f   /  n 1  R T ) =   7.708 results in Qdef = 266.6 kJ/mol. This value is similar to the activation energy that was reported by other researchers, such as 295 +/− 35 kJ/mol for a Mo steel [42] and 290 kJ/mol for a hypereutectoid steel [46].



Taking decimal logarithm twice on both sides of the Equation (6) and while plotting log dDRX as a function of log Z, the exponent p1 can be obtained from the slope of the linear relationship that was observed in Figure 7c and it is equal to −0.25. The average value of B can be easily determined as 1.53 × 104, being derived from all experimental conditions.



Similar values of B = 1.6 × 104 and p1 = −0.23 for DRX of a C-Mn steel were reported by Hodgson and Gibbs [21], B = 1.7 × 104 and p1 = −0.22 for DRX of a high carbon steels by Elwazri et al. [46], and B = 2.55 × 104 and p1 = −0.22 for a hypereutectoid steel by Elwazri et al. [29] on MDRX.



Figure 7d shows the refined austenitic grain size (dDRX) dependence with Zener-Hollomon parameter (Z). The peak strain εp can be described as a function of the Z and d0 according to the following expression:


   ε p  =  A 3   Z  −  q 1     d 0      r 1     



(8)




where A3, q1, and r1 are constants, Z is the Zener-Hollomon parameter and d0 is the austenitic initial grain size. The obtained values of A3, q1 and r1 are 2.15 × 103, 0.12, and 0.3, respectively. These values are similar to 2.5 × 103, 0.10, and 0.4, as reported by Elwazri et al. [46] for eutectoid steel. A procedure that was similar to that used to determine the B and p1 constants in Equation (6) was employed to evaluate the constants A3, q1 and r1 in Equation (8).




3.3. Evaluation of Maximum Interpass Time Conditions for the Initiation and Propagation of DRX


The experimental results that were obtained in the present work have been used to derive simple empirical equations (Equations (4) and (5)) to describe the fractional softening due to SRX measured from double-hit compression tests as a function of deformation parameters (T,     ε ˙   ,   ε  , and d0). This kinetic equation provides the time intervals where the SRX rate is slow and, as a result, the strain might be accumulated from one deformation step to the other until the critical strain for DRX is reached or exceeded. It is the particular interest for the present study to consider the maximum interpass times compatible with DRCR under laboratory testing (low strain rates) that can be used to generate SRX kinetics equations for the high strain rates that are normally used in wire and rod industrial rolling. Wire and rod rolling strain rates can be as high as 1000 s−1 during the finishing passes. Thus, the laboratory measurements of softening during interpass times while using relativity low strain rates can be considerably lower than those that were observed at industrial strain rates. A way of estimating the amount of expected softening (that is the interpass time to attain a specific softening value) at strain rates used in industrial rod rolling from laboratory data is to use the developed kinetic equations. Alternatively, an interpass time amount correction can be used to account the strain rate differences. This kind of correction is justified since the time for 50% of softening t0.5 due to SRX or MDRX are inversely proportional to the strain rate raised to an exponent n2. Thus, the interpass time t for a given X% softening is also inversely proportional to a power of the strain rate. The interpass time for X% softening in a laboratory (tLAB) can be related to the interpass time for the same X% softening under conditions of hot rolling (tHR), as follows [42]:


   t  HR   =  t  LAB     (    ε ˙    LAB   /    ε ˙    HR   )    n 2     



(9)







The n2 exponent characterizes the strain rate effect on the kinetics of the SRX and MDRX. For the present study, the strain rate exponent q for softening due to SRX, as calculated from Equation (5) is 0.43. The kinetics of MDRX was not investigated in this work. However, several studies concerning the softening due to this mechanism are reported in the literature for a large number of steel compositions. Most of these reports show that the strain rate exponent for softening due to MDRX can reach values that are twice as large as those obtained for softening due to SRX [29,40,42,47]. These observations indicate that post-dynamic softening process, such as MDRX, have great importance for the control of the microestructural evolution during multi-pass hot rolling operations [42]. Based on these reports, in the present study, an n2 value of 0.86 was adopted for the post-dynamic softening in the investigated eutectoid steel.



Table 2 shows the maximum interpass times that produce 5% softening per pass due to SRX and MDRX. These values were calculated while using the kinetic Equations (4) and (5) and the time correction Equation (9) with constants that were derived from deformation experiments carried out in the laboratory. These calculations were performed for the following ranges of T,    ε ˙   , and  ε  of 800 to 1050 °C, 0.01 to 1000 s−1, and 0.05 to 0.15, respectively. These ranges were selected to include the magnitudes of strain rates usually observed during industrial multi-pass hot rolling of rods.



In addition, the peak strain    ε p    from Equation (8) and the number of deformation passes that were needed to reach the peak strain for DRX (assuming a fractional softening of 5% in each pass) were also calculated. The final dynamically recrystallized grain size (dDRX) for continuous deformation (up to a true strain of 0.8) was calculated while using Equations (6) and (7). The data presented in Table 2 allow for the derivation of suitable deformation conditions under which dynamic recrystallization controlled rolling can be feasible for the eutectoid steel investigated in the present work.



Allowing a maximum fractional softening of 5% between deformation passes under a given set of deformation conditions (T,    ε ˙   ,   ε   and d0), the calculated maximum interpass time must not be exceeded to avoid the restoration of the accumulated deformation up to that point. This is a simple exercise, but care must be taken to consider the magnitude of the accumulated strain prior to the interruption of deformation between passes. It must be clear that the controlling softening process is different, depending on the magnitude of the accumulated strain. When the accumulated strain is smaller than the peak strain      ε   p   , the controlling softening process during the interruption time is static recrystallization. On the other hand, for   ε >  ε p   , MDRX can occur during the interruption time. In this case, the strain rate exponent in the expression for the interpass time correction (Equation (9)) is twice as large as that for softening that is controlled by SRX. Figure 8 illustrates two ideal examples of dynamic recrystallization controlled rolling schedules with calculated interpass times on the experimental continuous flow curve at 850 °C and 0.1 s−1 and while assuming a 5% fixed softening per pass before and after peak strain, while applying strains of 0.1 for each deformation pass. In Figure 8a, the interpass times were calculated while assuming that the controlling softening process is SRX at   ε >  ε  p     and DRX for   ε >  ε p   . On the other hand, in Figure 8b, the interpass times were calculated while considering that SRX and MDRX are the controlling softening processes at   ε <  ε p    and   ε >  ε p  ,   respectively.



As can be seen in Figure 8a, a maximum interpass time of 4.149 s, which assumes that only produces a 5% of SRX softening, causes rapid strain accumulation and, after the 3rd pass, the strain exceeds the peak strain    ε p    and, therefore, the critical strain for DRX. Since MDRX is twice as fast as SRX, subsequent deformation stages with the same interpass time (4.149 s) would increase the fractional softening and, as consequence, the propagation of DRX would be interrupted. However, MDRX softening is avoided in DRCR process; therefore, as shown in Figure 8a, to keep the fractional softening to 5% for the 3rd and subsequence deformation passes, the time must be reduced to 1.541 s. In this way, a steady state of DRX (such as the experimental continuous curve) and the final recrystallized grain size calculated of 21.6 µm for this kind of process should be possible.



It is possible to produce the beginning of dynamic recrystallization under high strain rates conditions. However, maintaining the flow steady state regimen is difficult. This can be explained while considering that, at high strain rates, the calculated corrected times for post-dynamic softening in this study are practically zero for most conditions. Therefore, larger fractional softening due to MDRX must be considered. On the other hand, it is possible that incomplete DRX can take place after a given X% softening due to MDRX. This possibility is illustrated in Figure 8b for the same experimental continuous flow curve that is used to obtain the schedule shown in Figure 8a. From Figure 8b, the condition   ε =  ε p    is reached in the 3rd deformation pass. This calculated point shows the onset of DRX and, as a result, MDRX takes the softening control. As the MDRX is twice as fast as SRX, after the beginning of DRX, it expected to generate an increase in fractional softening that would result in incomplete DRX for the same interpass time. Depending on the interruption time (no-corrected), this process can continue up to the total restoration of the accumulated deformation. Roucoules et al. referred to this last condition as Metadynamic Recrystallization Controlled Rolling (MDRCR) [42].



According to the data that are presented in Table 2, the only deformation condition compatible with DRCR at high industrial strain rates (10, 100, and 1000 s−1) is 800 °C and 0.05 strain. This conclusion is drawn from the observation that the condition necessary for that process is that the maximum interpass time does not exceed the range from 0.558 to 0.011 s at 10 to 1000 s−1 and 800 °C. These interpass times are in the range that is usually observed in the pre-finishing and finishing stands of commercial rod mills [48]. Although the temperature is slightly lower than those observed in that practice and the strain per pass is also low when compared with those normally used in this kind of rolling process, the calculated maximum interruption times in the present work suggest that it is possible to initiate and maintain continuous DRX at isothermal and constant deformation conditions.






4. Summary and Conclusions


The following conclusions can be drawn from this study:



In the present work, a simple mathematical expression for the time that is needed for 50% of softening (   t  0.5    ) as a function of T,     ε ˙   ,    ε   , and d0 was derived from double-hit compression tests for a steel of eutectoid composition.



	
The SRX rate was found highly sensitive to strain and, to a lesser degree, on strain rate.



	
The exponent values that describe the strain and strain rate effects are −3.39 and −0.43, respectively. These are similar to values that are reported in the literature for a large number of steel compositions. Thus, there is a low dependence of these parameters exponents on chemical composition.



	
The dependence of t0.5 on temperature and initial austenite grain size are lower than that observed for strain and strain rate parameters. The effect of temperature can be attributed to an accelerating effect of carbon on the kinetics of SRX. This conclusion is drawn from the observation that the apparent activation energy for SRX was relativity low (122 kJ/mol). Although the interrupted tests did not exceed the critical strain (   ε c   ) to start the DRX (softening mechanism that does not depend on the initial austenite grain size for the final grain structure), the initial grain size effect on the SRX rate was very small or negligible within the investigated range.



	
The relationship between temperature, strain rate and the dynamically recrystallized grain size (dDRX) was determined by an expression that relates the refined grain size and the Zener-Hollomon parameter (Z) raised to an exponent. The recrystallized experimental grain size for a temperature range from 1050 to 850 °C and strain rates between 0.001 and 0.1 s−1 was 197.4 to 24.1 μm, respectively. Although, the predicted refined grain size could reach values as low as 1.5 μm at 800 °C and 1000 s−1.



	
The maximum interpass times (calculated by the kinetic and time correction expression) that were estimated for a 5% of softening suggests that the initiation of the DRX for laboratory and rod rolling strain rates conditions can be achieved. However, after the onset of DRX, a large amount of MDRX softening is expected to take place (which is twice faster than SRX) and, in a DRCR process, the laboratory conditions are the only way to maintain continuous dynamic recrystallization.
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Figure 1. (a) Schedule 1 used for interrupted and continuous hot compression tests. (b) Schedule 2 employed for interrupted hot compression tests (initial grain size effect). 
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Figure 2. Comparison of 0.2% offset, mean flow stress and 5% strain methods used to estimate fractional softening at 0, 1 and 30 s of interpass time from double-hit compression tests at 950 °C and 0.01 s−1. 
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Figure 3. Effect of interpass time on the fractional softening for eutectoid steel subjected to double-hit hot compression tests performed at 1050 °C. 
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Figure 4. Comparison between experimental (isolated values) and predicted (curves) static recrystallizated fraction showing the dependence on (a) temperature, (b) strain rate, (c) strain, and (d) initial grain size. 
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Figure 5. Effect of deformation conditions on the Avrami exponent (n) for eutectoid steel. 
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Figure 6. Dependence of the 50% softening (t0.5) time on (a) temperature, (b) Zener–Hollomon parameter (Z), (c) strain, and (d) initial grain size. 
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Figure 7. (a) Strain rate (   ε ˙   ) dependence on peak stress (   σ p   ) and (b) effect of inverse of absolute temperature on the peak stress. (c) Determination of B and p1 under the dependence of log dDRX on log Z. (d) Experimental and predicted relationship of dynamically recrystallized austenite grain size dDRX on Zener-Hollomon parameter Z. 
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Figure 8. Calculated interpass times for ideal true stress-strain multi-pass diagrams on the experimental curve at 850 °C and 0.1 s−1 showing the (a) DRCR and (b) Metadynamic Recrystallization Controlled Rolling (MDRCR) (Metadynamic Recrystallization controlled Rolling [42]) processes. 
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Table 1. Chemical composition of the experimental steel.
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	Element
	C
	Si
	Mn
	S
	Cr
	Mo
	Ni
	Al
	Cu
	Ti
	V
	Fe





	wt. (%)
	0.74
	0.1174
	0.8286
	0.024
	0.0194
	0.0047
	0.08
	0.0121
	0.109
	0.001
	0.001
	98.152
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Table 2. Maximum interpass times for dynamic recrystallization controlled rolling (DRCR) at 5% softening per pass.
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Strain Rate (s−1)




	
Laboratory




	
Strain

	
Temperature (°C)

	
0.01

	
0.1

	
1




	
0.15

	
950 °C

	

	

	
[1] 0.363

	

	

	




	

	

	

	
[5] 1.5

	

	




	

	

	
[3] 0.134

	

	

	




	
0.1

	
1050 °C

	

	

	
[1] 0.573

	
[4] 0.178

	

	




	

	

	

	
[5] 1.7

	

	




	

	

	
[3] 0.213

	
[6] 63.7

	

	




	
950 °C

	
[1] 3.829

	
[4] 0.171

	
[1] 1.422

	
[4] 0.226

	
[1] 0.528

	
[4] 0.298




	

	
[5] 1.7

	
[2] 1.422

	
[5] 2.2

	

	
[5] 2.9




	
[3] 1.422

	
[6] 69.0

	
[3] 0.196

	
[6] 38.8

	
[3] 0.027

	
[6] 21.8




	
850 °C

	

	

	
[1] 4.149

	
[4] 0.299

	

	




	

	

	
-

	
[5] 2.9

	

	




	

	

	
[3] 1.541

	
[6] 21.6

	

	




	
0.05

	
950 °C

	

	

	
[1] 14.71

	

	

	




	

	

	

	
[5] 4.5

	

	




	

	

	
[3] 5.465

	

	

	




	
0.05

	
800 °C

	

	

	
[1] 78.95

	
[4] 0.351

	

	




	

	

	
-

	
[5] 7.0

	

	




	

	

	
[3] 29.33

	
[6] 15.5

	

	




	
Strain Rate (s−1)




	
Rod Rolling




	
Strain

	
Temperature (°C)

	
10

	
100

	
1000




	
0.15

	
950 °C

	
[1] 0.050

	

	
[1] 0.019

	

	
[1] 0.007

	




	

	
[5] 2.6

	

	
[5] 3.4

	

	
[5] 4.5




	
[3] 0.002

	

	
[3] 0.000

	

	
[3] 0.000

	




	
0.1

	
1050 °C

	
[1] 0.079

	
[4] 0.310

	
[1] 0.029
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  t =   ( ln ( 1 / ( 1 −  X  SRX   ) ) / 0.693 )   1 / 0.92    (   t  0.5    )  ⋯    ( s )       [ 1 ]    ;    t  HR   =  t  LAB     (    ε ˙    LAB   /    ε ˙    HR   )   0.43         [ 2 ]      ⋯  ( s )   -SRX;    t  0.5   =  (  3.63 ×   10   − 9    )   ε  − 3.37      Z  − 0.43    d 0     0.31     exp  (  122 , 000 / R T  )     t  HR   =  t  LAB     (    ε ˙    LAB   /    ε ˙    HR   )   0.86         [ 3 ]    ⋯  ( s )   -MDRX;    ε p  = 2.15 ×   10   − 9    Z  − 0.12    d 0       0.3        [ 4 ]    ;    Z  =   ε ˙   exp  (  266 , 000 / R T  )    Passes =  ε p  /  ε     [ 5 ]     ;    d   DRX    = 1.53 ×   10  4   Z  − 0.25         [ 6 ]    ⋯  (   μ m   )    Z =   ε ˙   exp  (  266 , 000 / R T  )   .
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