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Abstract:



The structure–property relationship was studied in an Fe-18Mn-0.6C-1.5Al steel subjected to cold rolling to various total reductions from 20% to 80% and subsequent annealing for 30 min at temperatures of 673 to 973 K. The cold rolling resulted in significant strengthening of the steel. The hardness increased from 1900 to almost 6000 MPa after rolling reduction of 80%. Recovery of cold worked microstructure developed during annealing at temperatures of 673 and 773 K, resulting in slight softening, which did not exceed 0.2. On the other hand, static recrystallization readily developed in the cold rolled samples with total reductions above 20% during annealing at 873 and 973 K, leading to fractional softening of about 0.8. The recrystallized grain size depended on annealing temperature and rolling reduction; namely, it decreased with a decrease in the temperature and an increase in the rolling reduction. The mean recrystallized grain size from approximately 1 to 8 μm could be developed depending on the rolling/annealing conditions. The recovered and fine grained recrystallized steel samples were characterized by improved strength properties. The yield strength of the recovered, recrystallized, and partially recrystallized steel samples could be expressed by a unique relationship taking into account the fractional contributions from dislocation and grain size strengthening into overall strength.
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1. Introduction


High-Mn austenitic TWIP/TRIP steels have aroused a great interest among materials scientists and engineers because of their outstanding strength-ductility combinations [1,2,3,4]. These steels are considered as the most promising materials for various structural applications in automobile and building industries [5,6]. In general, the mechanical properties of steel semi-products depend on their microstructure, including dislocation substructures, which can be substantially varied by using appropriate regimes/conditions for the applied thermo-mechanical treatment. Therefore, studies on the microstructure/substructure evolution during thermo-mechanical treatment are of great practical importance.



Presently, the most efficient processing methods for production of large-scale steel products involve plate or caliber rolling combined with some heat treatment. The deformation microstructures that develop in steels subjected to rolling depend sensitively on the processing conditions [7,8,9]. Cold rolling is accompanied by strain hardening, the rate of which gradually decreases with increasing the total rolling strain [10]. The well-developed subgrains can be obtained by warm rolling that is accompanied by dynamic recovery. Dynamic and/or post-dynamic recrystallization during hot working may lead to the uniform microstructure with the mean grain size depending on deformation conditions [9]. Regarding high-Mn austenitic steels, such steels are commonly characterized by a low stacking fault energy (SFE), which controls the development of deformation twinning and/or martensitic transformation leading to twinning- and/or transformation-induced plasticity [11,12]. On the other hand, low SFE hampers any dislocation rearrangements and, thus, slows down the dislocation recovery processes. Therefore, high-Mn austenitic steels are hardly susceptible to dynamic recovery under warm rolling conditions, and the work hardened microstructures remain almost unchanged up to high temperatures sufficient for recrystallization development [13,14].



High-Mn austenitic steels exhibit significant strain hardening owing to increasing the dislocation density during cold-to-warm working [13,14,15]. The dislocation strengthening leads to remarkable increase in both the yield strength and the ultimate tensile strength [15]. On the other hand, strengthening by cold-to-warm working is generally accompanied by a degradation of plasticity. The total elongation may drop to a few percent after large strain cold working [16,17]. The mechanical properties of work hardened high-Mn steels can be improved by an appropriate heat treatment. Beneficial combination of the strength and ductility can be obtained by large strain cold rolling followed by a recrystallization annealing. The combination of large strain deformation with subsequent annealing may result in the development of special microstructures. Those are partially recrystallized microstructures, where recrystallized grains are surrounded by work hardened portions, and/or ultrafine grained microstructures. Both partially recrystallized and completely recrystallized ultrafine grained microstructures may provide useful strength-ductility combinations.



The aim of the present paper is to study the effect of the rolling strain and subsequent annealing at elevated temperatures on the development of recovery and recrystallization in an advanced 18% Mn austenitic steel. Contributions of the dislocation strengthening and the grain size strengthening into the yield strength of the steel with various microstructures including recovered, partially recrystallized, and ultrafine grained ones are particularly addressed.




2. Materials and Methods


An Fe-18%Mn-0.6%C-1.5%Al steel was hot rolled to a total reduction of 80% and annealed at a temperature of 1423 K for 1 h followed by air cooling. Then, the steel samples were cold rolled to total rolling reductions of 20%, 40%, 60%, and 80% at room temperature. These cold rolled steel samples were annealed at various temperatures in the range of 673 to 973 K for 30 min.



The structural investigations were carried out on the sample sections parallel to the normal direction (ND), using a Nova Nanosem 450 scanning electron microscope (SEM, FEI, Hillsboro, OR, USA) equipped with electron back-scatter diffraction (EBSD) analyzer incorporating orientation imaging microscopy (OIM, EDAX Inc., Mahwah, NJ, USA). The SEM specimens were prepared by electro-polishing using a solution of 90% acetic acid and 10% of perchloric acid at a voltage of 20 V. The OIM maps of 100 × 100 μm2 and 50 × 50 μm2 for the cold rolled and annealed samples, respectively, were obtained with a step size of 0.1 μm. The OIM data points with confidence index below 0.1 were replaced by black dots. The mean grain size (D) and the kernel average misorientation (KAM) were obtained using OIM Analysis 6 software (EDAX Inc., version 6.2.0, Mahwah, NJ, USA). The dislocation density was evaluated by means of KAM as [14]


ρ = 1.15·KAM/(b h),



(1)




where b = 0.258 nm is the Burgers vector and h = 300 nm is the distance between the measured points in KAM maps.



The hardness measurements were carried out in order to evaluate the strain hardening and annealing softening. The latter was estimated as [18]


X = (Hvε − HvT)/(Hvε − Hv0),



(2)




where Hvε, HvT, and Hv0 are the hardness of cold rolled, annealed, and initial samples, respectively. The tensile tests were carried out at room temperature and at an initial strain rate of 2 × 10−3 s−1 using an Instron 5882 testing machine (Instron, Norwood, MA, USA). The tensile specimens with a gauge length of 16 mm and cross section of 1.5 × 3 mm2 were machined with the tensile axis parallel to the rolling axis.




3. Results and Discussion


3.1. Cold Rolling


Typical OIM images of the deformation microstructures developed in the high-Mn steel during cold rolling to various total strains are shown in Figure 1. The deformation twins readily develop during cold rolling (Figure 1a). An increase in the rolling reduction leads to an increase in the dislocation density. Correspondingly, the number and misorientation of dislocation subboundaries increase. The misorientation of some deformation subboundaries increases over a critical value, separating low-angle subboundaries and high-angle boundaries. Therefore, these deformation subboundaries are indicated as high-angle grain boundaries on OIM image (Figure 1b). Further rolling is accompanied by the development of deformation microbands involving large lattice distortions (Figure 1c). The microbanding during cold rolling is consistent with previous studies on high-Mn austenitic TWIP steels, which involved numerous microshear bands after 60% rolling reduction [16,17]. The microband density and their thickness increases with straining. After large rolling reduction, the microstructural analysis by OIM becomes difficult because of a large fraction of frequently developed deformation microbands and related lattice distortions.


Figure 1. Deformation microstructures in a high-Mn steel subjected to rolling reduction of 20% (a); 40% (b); 60% (c). Low-angle and high-angle boundaries are indicated by thin and thick black lines, respectively. Color orientations are shown for the normal direction (ND).
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Cold rolling is accompanied by a significant increase in the hardness (Figure 2). The hardness increases almost two-fold from about 2000 to approximately 4000 MPa after rolling reduction of 20%. The rate of strain hardening gradually decreases during cold rolling. An increase in the rolling reduction to 40% leads to the hardness of 5000 MPa. Further rolling to large total reduction of 80% results in the hardness of about 6000 MPa. Such strain hardening behavior is typical for large strain cold deformation of various structural steels and alloys, when the hardness increases with straining and gradually approaches a saturation level at sufficiently large strains [19].


Figure 2. Strain hardening for a high-Mn steel subjected to cold rolling at room temperature.
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3.2. Annealing Behavior


The isochronal annealing was carried out to investigate the temperature effect on microstructure evolution in the cold rolled high-Mn steel. The range of annealing temperatures and the annealing time were selected to cover the operation of various restoration mechanisms including recovery and recrystallization and, therefore, to obtain variety of annealed microstructures—i.e., recovered, partially recrystallized, and fully recrystallized [13,14]. The effect of annealing temperature on the hardness and fractional softening of the present high-Mn steel subjected to cold rolling to various total strains is shown in Figure 3. Two temperature intervals are clearly distinguished by their effect on both the hardness and the fractional softening. Annealing at temperatures below about 800 K does not result in any remarkable changes in the hardness irrespective of the previous rolling reductions. The corresponding fractional softening does not exceed 0.2 after annealing within this temperature range. In contrast, the hardness drastically drops after annealing at temperatures above 800 K. This change in the hardness is more pronounced in the samples subjected to larger rolling reductions. Except the sample subjected to rolling reduction of 20%, the fractional softening comprises approximately 0.8 after annealing at temperatures above 800 K. The different softening behavior at temperatures below or above 800 K suggests that different annealing/softening mechanisms operate in these temperature regimes.


Figure 3. Hardness change and annealing softening for a high-Mn steel subjected to various cold rolling reductions and then annealed for 30 min at 673–973 K.
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Typical microstructures that evolved in the steel samples after rolling reductions of 20% and 60% followed by annealing at a temperature of 773 K are shown in Figure 4 as OIM micrographs and KAM maps. It is clearly seen that annealing at this temperature is not accompanied by any remarkable changes in the deformation microstructures. It can be concluded, therefore, that static recovery is the only operative softening mechanism in this annealing domain. High-Mn austenitic steels with low SFE have been shown being quite stable against recovery because of large dislocation dissociation spacing [20]. Hence, the larger internal distortions, which were caused by higher dislocation densities in deformation substructures after larger rolling reductions, remain larger after recovery annealing as shown in the KAM maps. On the other hand, annealing at temperatures above 800 K results in the recrystallization development (Figure 5). An increase in the cold strain accelerates the recrystallization kinetics. The fraction recrystallized comprises about 0.6 in the sample subjected to rolling reduction of 40% and then annealed at 873 K (Figure 5a), whereas the completely recrystallized microstructures evolve after annealing at the same temperature following the rolling reductions of 60% and 80% (Figure 5b,c). An increase in the rolling reduction promotes the development of fine grained recrystallized microstructure similar to ordinary primary recrystallization behavior [21]. An increase in the annealing temperature increases the size of recrystallized grains (Figure 5d).


Figure 4. Annealed microstructures of a high-Mn steel subjected to cold rolling reduction of (a) 20% or (b) 40% and then annealed at 773 K. Left-side images are color orientations corresponding to the normal direction (ND), right-side images are KAM maps. Low-angle and high-angle boundaries are indicated by thin and thick black lines, respectively.
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Figure 5. Annealed microstructures of a high-Mn steel subjected to cold rolling followed by annealing; (a) rolling reduction of 40%, annealing at 873 K; (b) rolling reduction of 60%, annealing at 873 K; (c) rolling reduction of 80%, annealing at 873 K; (d) rolling reduction of 80%, annealing at 973 K.
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The effect of rolling reduction on the recrystallized grain size and the recovered dislocation density in the high-Mn austenitic steel subjected to cold deformation followed by an annealing is shown in Figure 6. The size of recrystallized grains after annealing at 973 K remarkably decreases from 8 to 1.6 μm with an increase in the rolling reduction from 20% to 80%. It is worth noting that annealing temperature does not affect the recrystallized grain size substantially. For instance, following rolling reduction of 80%, annealing at 873 K results in arecrystallized grain size of 1.1 μm. Similar to the recrystallized grain size, the dislocation density in the recovery annealed samples strongly depends on the preceding rolling reduction. The dislocation density varies in the range of 1014 m−2 to 4 × 1014 m−2 in the samples subjected to rolling reductions of 20–40% followed by annealing at 673–873 K. In contrast, much higher dislocation densities of about 1015 m−2 evolve in the samples subjected to rolling reductions of 60–80% followed by annealing at 673–773 K.


Figure 6. Effect of cold rolling reduction and annealing temperature on the grain size and dislocation density after recrystallization and recovery annealing of a high-Mn steel.
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3.3. Mechanical Properties


The engineering stress-elongation curves obtained by tensile tests of the high-Mn austenitic steel after cold rolling and annealing are shown in Figure 7. Recovery annealing at temperatures of 673 and 773 K does not provide significant softening irrespective of the rolling reductions. Therefore, the general shape of the tensile stress–strain curves for the samples annealed at 673 and 773 K depends remarkably on the previous rolling reduction (Figure 7a,b). The steel samples subjected to relatively small rolling reductions of 20% and 40% exhibit increased yield strength of about 700 and 1250 MPa, respectively. Following yielding, the strain hardening quickly decreased to some positive value, which remains almost constant up to necking. An increase in the annealing temperature from 673 to 773 K improves plasticity, although it does not remarkably affect the yield strength and the ultimate tensile strength. The yield strength increases above 1200 MPa after rolling reductions of 60–80% followed by recovery annealing at 673 and 773 K, whereas the total elongation decreases substantially and does not exceed a couple of percent after rolling reduction of 60% and 80% followed by recovery annealing. On the other hand, recrystallization annealing at 873 and 973 K softens the cold rolled steel samples and significantly improves their plasticity (Figure 7c,d). The strength of the recrystallized steel samples commonly decreases with an increase in the temperature and a decrease in the rolling reduction.


Figure 7. Engineering stress vs. elongation curves for a high-Mn steel subjected to cold rolling followed by annealing at (a) 673 K; (b) 773 K; (c) 873 K; (d) 973 K.
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The tensile deformation behavior of the present steels samples is closely related to their microstructures. The dislocation substructures and corresponding strain hardening remain almost unchanged during recovery annealing. Therefore, the tensile behavior of the recovery annealed samples depends mainly on the previous cold strain. In contrast, the mechanical properties of the steel samples after recrystallization annealing depend on the mean grain size. In this case, the rolling reduction affects the strength properties of recrystallized steels through the recrystallized grain size that depends on the recrystallization kinetics, which, in turn, depends on the previous cold strain. The relationship between the yield strength of the steel samples after recrystallization annealing and the recrystallized grain size is represented in Figure 8 as a Hall-Petch type plot. The yield strength (σ0.2) of the recrystallized steel samples obeys an ordinary relationship,


σ0.2 = σ0 + ky D−0.5



(3)




where, σ0 is the yield strength of the same material with unlimited grain size and ky is the grain boundary strengthening factor [22,23]. The values of σ0 = 160 MPa and ky = 355 MPa μm0.5 are obtained in the present study. Note here, almost the same σ0 and ky have been reported in other papers on austenitic steels [13,24,25,26].


Figure 8. Relationship between the yield strength (σ0.2) and (a) the grain size (D) or (b) the dislocation density (ρ) for a high-Mn steel subjected to cold rolling followed by annealing.
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The strengthening of the recovered steel samples can be related to their dislocation density similar to other studies on work hardened materials [27,28,29]


σ0.2 = σ0 + α M G b ρ0.5



(4)




where α, M, and G are a numerical factor, the Tailor factor (M = 3 is frequently used for face centered cubic metallic materials [30,31]) and the shear modulus, respectively. Here, σ0 means the strength of dislocation-free recrystallized steel and can be taken as that from Equation (3) for the sake of simplicity. The relationship between the dislocation density, which was evaluated by means of KAM (Equation (1)), and the yield strength of the recovered steel samples is also represented in Figure 8. It is clearly seen that the dislocation strengthening can be expressed by Equation (4) with α = 0.6. The value of α has been reported varying from about 0.2 to 0.5 [14,15,24,30,31,32]. Relatively large α = 0.6 obtained for the present work hardened steel samples may be attributed to an enhanced efficiency of dislocation strengthening in high-Mn austenitic steels with low SFE as well as to somewhat underestimated dislocation density by the KAM values, which are actually associated with excess dislocations of similar Burgers vectors rather than total dislocation density [33]. Then, combining Equations (3) and (4), the yield strength of recovered and recrystallized steel samples including partially recrystallized ones can be expressed as


σ0.2 = σ0 + FREX ky D−0.5 + (1 − FREX) α M G b ρ0.5



(5)




where FREX is the fraction recrystallized. The plot in Figure 9 validates the speculation above.


Figure 9. Relationship between the experimental yield strength and that calculated by Equation (5) for a high-Mn steel subjected to cold rolling and then annealed.
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The present results suggest that combination of cold rolling with reductions of 20% to 80% and annealing at 673 to 973 K can be used as various advanced thermo-mechanical processing methods to obtain high-Mn austenitic TWIP steel plates with a desired strength and ductility. The required combination of mechanical properties is achieved by the development of appropriate structural state, which may consist of a mixture of various structures including work hardened, recovered, and partially and completely recrystallized ones. An increase in the rolling reduction increases the deformation stored energy and, therefore, promotes the primary recrystallization. It should be noted that the stored energy significantly accelerates the rate of recrystallization nucleation. Hence, the rapid recrystallization nucleation at temperatures close to a critical recrystallization temperature for the steel samples subjected to large strain cold rolling results in beneficial mechanical properties including high strength and large uniform elongation owing to the development of uniform ultrafine-grained microstructures.



Another important finding of the present study is the unique relationship between the microstructural/substructural parameters and the strength of the cold rolled and annealed samples irrespective of processing regimes. The strength of work hardened metallic materials was treated with a modified Hall-Petch type relationship including the term of dislocation strengthening [16,17,34,35]. However, a mutual correlation between the dislocation densities and grain boundary densities in metals and alloys subjected to large strain deformation made the estimation of individual strengthening mechanisms difficult [32,36,37]. In contrast, the present approach of fractional contributions of different strengthening mechanisms, which are originated from specific structural elements, into overall strength allows us to adequately predict the yield strength of steels with a mixture of various work hardened, recovered, and recrystallized microstructures.





4. Conclusions


The microstructure evolution and mechanical properties were studied in an Fe-18Mn-0.6C-1.5Al steel subjected to cold rolling and subsequent isochronal annealing for 30 min. The main results can be summarized as follows.

	
The cold rolling resulted in significant strengthening of the steel. The hardness increased from 1900 to almost 6000 MPa after rolling reduction of 80%.



	
Annealing behavior was characterized by the development of recovery and recrystallization. Recovery took place during annealing at temperatures of 673 and 773 K, leading to fractional softening below 0.2. On the other hand, the static recrystallization readily developed during annealing at 873 and 973 K, leading to fractional softening of about 0.8.



	
The recrystallized grain size depended on annealing temperature and rolling reduction. An increase in the rolling reduction from 20% to 80% led to a decrease in the mean recrystallized grain size from about 8 to 1.6 μm after subsequent annealing at 923 K and to 1.1 μm after annealing at 873 K.



	
The yield strength of the recovered and recrystallized steel samples, as well as partially recrystallized ones, could be expressed by a modified Hall-Petch type relationship taking into account the fractional contributions from grain size strengthening and dislocation strengthening.
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