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Abstract:



The objective of the present study is to analyze the microstructure and mechanical properties of a twinning-induced plasticity (TWIP) steel at different temperatures. For this purpose, tensile tests were performed on a Fe-22Mn-0.65C TWIP steel in a temperature range between 25 °C and 400 °C. The microstructure after deformation was characterized via optical microscopy. It was observed that the microstructure consists of mainly deformation twins at low temperatures, whereas dislocation bands are the predominating feature at high temperatures. The analysis of mechanical data suggests a transition of the deformation mechanism from twinning at low temperatures to dislocation slip at high temperatures. The work-hardening rate and area reduction variation with temperature are discussed and correlated to the decrease of twinning contribution to the deformation mechanism. The role of other processes, such as dynamic strain aging and precipitation hardening, are discussed. A thermodynamic-based description for the dependence of yield stress with temperature was developed, suggesting two acting work-hardening mechanisms.
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1. Introduction


Twinning-induced plasticity (TWIP) steels are high-Mn austenitic steels belonging to the second generation advanced high-strength steels (AHSS) which exhibit a high work hardening and elongation to fracture [1]. Their main characteristics have been discussed in detail elsewhere [2,3,4]. The so-called TWIP steels have gained considerable attention from the automotive industry due to their excellent impact properties [3], which are desirable for improving passenger safety performance and environmental standards.



The mechanisms leading to the outstanding work hardening of TWIP steels are still a matter of discussion [4]. Twinning generates a very fine microstructure that restricts dislocation glide, favoring deformation hardening and making energy absorption a very efficient mechanism [3]. The contribution of twinning to the deformation process depends not only on the extent and frequency, but also on the strain level associated with the twin formation [5]. So far, a general temperature and strain-rate dependences of deformation mechanisms in polycrystalline aggregates have been established [5,6]. Even though at all temperatures, perfect slip is active, at low temperatures, perfect and partial slip occur together with twinning; at high temperatures, perfect slip occurs. Analogous behavior is noticed at high and low strain rates. Jung and De Cooman [7] studied the tensile properties of Fe-18Mn-0.6C (weight percent) with additions of Al in the temperature range −60 °C to 140 °C. They observed a steady decrease in both the yield stress and the work hardening as the temperature increases, which was attributed to the thermally activated dislocation glide. The decrease in work hardening with increasing temperature was explained by the suppression of twin formation due to the increase in the stacking fault energy.



The mechanical behavior of low stacking fault energy (SFE) steels is a rather complex process in which twinning is among other dislocation-related interactions [8,9]. At very low SFE values (<18 mJ/m2), the deformation mode includes the γ → ε and/or γ → α martensitic transformations (where γ corresponds to austenite, ε and α correspond to martensite), leading to transformation-induced plasticity (TRIP) phenomena; while at values between 20 and 45 mJ/m2, twinning is favored, and plasticity enhanced. Above these stacking fault energy values, dislocation glide is the predominating deformation mode [4,10]. It is known that SFE depends on chemical composition and temperature. If the temperature is increased, the SFE increases, decreasing the possibility of generating mechanical twinning during plastic deformation [4]. During the last few years, continuous efforts have been made in order to understand the micromechanics of twinning. Rahman et al. [11], by means of synchrotron X-ray diffraction, found that twinning can occur before macroscopic yielding. Nevertheless, Saleh and Gazder [12] have recently published a re-evaluation of the Rahman paper, proving their idea wrong and providing a further discussion for the initiation of deformation twinning. Galindo-Nava and Rivera Díaz [13] studied the evolution of martensite and twinning in austenitic steels, finding that the critical size for twin formation is obtained by minimizing the free energy of formation. Wong et al. [14] have developed a dislocation density-based crystal plasticity model incorporating both transformation-induced plasticity (TRIP) and twinning-induced plasticity (TWIP), validating the model in a Fe-22Mn-0.6C steel and then predicting the deformation mechanisms at different temperatures.



The goal of the present research is to study the temperature variation of the mechanical properties of a Fe-22Mn-0.65C TWIP steel at temperatures between 25 °C and 400 °C, with emphasis in the 300 to 400 °C interval. Tensile tests allowed the measurement of yield stress (σys), ultimate tensile strength (UTS), elongation to fracture (δ%), area reduction (ϕ%), and the strain hardening exponent (n). Metallographic observations are correlated with the work-hardening mechanism, stacking fault energy SFE, and an activation energy-based model. The results showed a transition in the work-hardening mechanism from twinning to dislocation glide around 325 °C. The contribution of other processes, such as dynamic strain aging and precipitation hardening, is analyzed.




2. Materials and Methods


A TWIP steel was melted in an induction furnace, casting a 100 × 100 × 300 mm3 ingot. The ingot was forged at 1200 °C to a 23 × 110 × 1070 mm3 sheet. Internal quality of the forged plate was verified through ultrasound inspection before cutting smaller plates of 23 × 110 × 20 mm3 that were homogenized at 1100 °C during 40 min, before rolling down to 12 mm thickness. The rolled steel was quenched in a salt-bath at 350 °C, held at that temperature for 30 min, and subsequently cooled to room temperature.



Standard tensile test specimens were machined according to ASTM E8 standard (120 mm long and 6 mm diameter), the length being parallel to the rolling direction. Tensile testing was carried out in a Tinius-Olsen 2000 Super L 300 kN capacity machine (Horsham, PA, USA) at a speed of 2.5 mm/min, testing three specimens at each temperature: room (25 °C), 100, 200, 300, 325, 350, 375, and 400 °C, with the aid of a special furnace. The data acquisition rate was 64 points/s. Each test produced around 65,000 points. In accordance with previous experiments, this data acquisition rate is high enough to detect dynamic strain ageing (DSA) effect. As the use of displacement transducers at high-temperature testing was not feasible, the elongation was measured as the crosshead displacement, and the strain was characterized by this displacement divided by the initial length of the reduced section of each specimen.



Metallographic characterization was carried out according to the standard grinding and polishing procedures. The as-polished surface was etched with Vilella’s reagent (100 mL ethanol, 5 mL HCl 37% v/v, and 1 g of picric acid). The microstructure was observed in an Olympus optical microscope (Tokyo, Japan). Each tensile sample was observed in the homogeneous deformation zone. Determination of grain size was performed according to the ASTM E112 standard.



X-ray measurements were carried out in a Shimadzu LabX XRD 6000 diffractometer (Kyoto, Japan), equipment Copper K α source. The measurements were run from 20° to 120° at 0.02° step size and a rate of 2°/min.



Room-temperature SFE was computed from an X-ray diffraction pattern with the aid of the MAUD (materials analysis using diffraction) license-free software [15].



Stacking fault energy was also calculated through a thermodynamic model [16,17] for the studied temperatures. The thermodynamic model is based on the proposals of Olson and Cohen [18], who suggested that SFE (J/m2) can be computed from the free energy of the transformation [image: ], Equation (1).


[image: ]



(1)




where [image: ] (J/mol) is a function of the chemical composition of the steel and the absolute temperature; [image: ] is the atomic density of the (111) plane (mol/m2), and [image: ] (J/m2) is the interfacial energy between [image: ] and [image: ] phases. The values used in this work were obtained from Curtze et al. [19].




3. Results


3.1. Initial Material


The chemical composition of the steel is shown in Table 1. Figure 1a shows the initial microstructure before tensile test, consisting of equiaxed austenitic grains. Annealing twins can also be observed. Cementite was not observed, and it is corroborated via X-ray measurements (Figure 1b) due to the absence of peaks corresponding to cementite.


Figure 1. (a) Optical metallography (scale bar 200 µm) and (b) XRD pattern of the material before tensile tests; etched with Vilella’s reagent.
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Table 1. Chemical composition of the twinning-induced plasticity (TWIP) steel (weight %).





	C
	Mn
	Si
	Cr
	P
	S





	0.65
	22.14
	0.16
	0.28
	0.060
	0.007










3.2. Microstructure after Tensile Tests


Figure 2 corresponds to the microstructures of samples at 25, 325, 350, and 375 °C, respectively (300 and 400 °C were not included because of their similitudes with 325 and 375 °C, respectively). A clear change in the response of the etching to the microstructure is noticed as the testing temperature is increased. At 25 °C (Figure 2a), it is observed that mechanical twinning is the predominating feature in the microstructure. Twins are also observed at 325 °C (Figure 2b), yet it becomes less frequent in the microstructure at 350 °C (Figure 2c). At 375 °C, twins are only observed in some scattered grains, while dislocation bands (black arrow in Figure 2d) are revealed.


Figure 2. Microstructure of samples after tensile tests at (a) 25 °C, (b) 325 °C, (c) 350 °C, and (d) 375 °C; etched with Vilella’s reagent. F is the applied force.
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3.3. SFE Calculations


Figure 3 shows the calculated stacking fault energy as described in Section 2. Both SFE values at 25 °C, calculated from the model by Olson and Cohen and with MAUD, are in reasonable agreement. They are within the theoretical range of twinning deformation [10].


Figure 3. Stacking fault energy (SFE) vs temperature (T).
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3.4. Tensile Tests


Representative stress–strain curves obtained from the tensile tests are presented in Figure 4; Table 2 shows the corresponding results. It is noticed that as the temperature increases, the yield stress (σys) and ultimate tensile strength (UTS) generally decrease. The elongation at fracture and area reduction show high values in practically all cases and increased with temperature.


Figure 4. Stress–strain curves of tensile tests at different temperatures [20].
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Table 2. Results of tensile testing at different temperatures. UTS: ultimate tensile strength.





	Temperature (°C)
	σys (MPa)
	UTS (MPa)
	δ%
	ϕ%
	n





	25
	429 ± 8.6
	905 ± 0.7
	40.8
	40.2
	0.47



	100
	415 ± 2.5
	841 ± 1.5
	50.01
	46.22
	0.44



	200
	403 ± 12.2
	842 ± 3.3
	53.8
	52.1
	0.43



	300
	382 ± 24
	722 ± 4.9
	60.4 ± 0.9
	60.2 ± 9.3
	0.42



	325
	356 ± 4.6
	701 ± 9.8
	42.6 ± 1.7
	64.8 ± 3.3
	0.40



	350
	348 ± 9.4
	688 ± 30.7
	58.8 ± 1.8
	77.4 ± 1.7
	0.34



	375
	338 ± 4.0
	664 ± 0.7
	51.8 ± 4.0
	84.0 ± 0.5
	0.32



	400
	327 ± 5.0
	638 ± 2.1
	61.0 ± 1.6
	80.4 ± 1.5
	0.26









Discontinuous serrated curves were measured at 25 °C, 100 °C, and 200 °C (cf. Figure 5). Previous studies [21] have related the serrations to the presence of dynamic strain aging, also known as the Portevin–Le Chatelier effect. Serrations were not observed above 300 °C. Necking was only noticeable in samples tested at temperatures above 325 °C, as can be seen in Figure 6. Below 325 °C, localized strain was not significant (cf. Table 2).


Figure 5. Stress–strain curves of tensile tests at different temperatures between 20% and 30% engineering strain.
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Figure 6. Tensile specimens at different temperatures. Red circles indicate the fractured zone.
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Figure 7 shows the temperature dependence of strain hardening (Figure 7a) and area reduction (Figure 7b). Strain hardening index decreases and area reduction increases as temperature increases.


Figure 7. Variation of mechanical properties with temperature: (a) strain hardening and (b) reduction of area at failure.
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4. Discussion


4.1. Microstructure Evolution after High-Temperature Tensile Tests


Metallographic observation (Figure 2) indicates a microscopic transition in the deformation mode. At temperatures up to 325 °C, the predominating microstructural feature is mechanical twinning, whereas above 325 °C, dislocation bands are observed. The arrow in Figure 2d shows a dislocation band revealed in what seems to be an annealing twin, which suggests that dislocation slip is the predominating mechanism at 375 °C. Although carbides were not detected via optical metallography, the possibility of precipitation hardening cannot be ruled out. This point will be further discussed in Section 4.2.2. Interrupted experiments carried out at different temperatures also show twinning in the same temperature range. This implies that at temperatures lower than 325 °C, twinning appears from the first stages of the tensile test.



As stated in the introduction, SFE values above ~45 mJ/m2 predict a deformation mode consisting mainly of dislocation slip. Figure 3 displays the calculation of SFE, whose calculated values above 325 °C fall well above the suggested limit for a dislocation-controlled deformation mechanism. Despite the high calculated stacking fault energy above 300 °C, metallographic observation (Figure 2b) shows that twinning is still an active mechanism at 325 °C. Combined metallographic analysis and thermodynamic calculations thus suggest that the temperature dependence of the deformation mode in the studied material displays a rather continuous transition, instead of a sharp limit.




4.2. Tensile Tests Analysis


4.2.1. Effect of Temperature on Strength


The temperature dependence of the yield stress [21] can be expressed according to Equation (2):


[image: ]



(2)




where [image: ] is the activation energy for deformation (J/mol), [image: ] is the ideal gas constant (8.314 J/mol K), [image: ] is the stress at temperature [image: ], and [image: ] is a constant that depends on the material. Figure 8 shows the logarithm of yield stress versus [image: ]. The slope of the plot can be related to the activation energy. Two straight lines can be fitted at low and high temperatures, respectively, suggesting the existence of two different activation energies, and therefore, deformation mechanisms. Although the number of experimental points is limited and agreement with the experimental evidences is fair (300 °C vs. 325 °C), the general shape of the curve suggests a smooth transition of activation energy for the yield stress as the temperature is raised. The calculated [image: ] at low temperature is ~0.6 kJ/mol (~0.006 eV/atom), whereas at high temperatures [image: ] ≈ 4 kJ/mol (~0.04 eV/atom). The value of low temperature [image: ] is in excellent agreement with that calculated by Christian and Mahajan [6] for the nucleation of twins. High-temperature [image: ] values are well below the reported activation energies for dynamic strain aging (DSA, 0.86 eV/atom [4]) thus, suggesting that the active deformation mechanism at high temperatures is dislocation slip. The results of the present study are in concordance with the findings of Jung and De Cooman [7], regarding the transition in deformation mechanisms with temperature.


Figure 8. Plot of yield stress vs. 1/T.
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4.2.2. Effect of Temperature on Hardening Behavior


Table 2 shows that the n-values decrease as the temperature is raised. The elevated work hardening of twinning-assisted steels has been rationalized elsewhere [3] as a consequence of the grain refining effect, which serves as an effective barrier to dislocation movement. This is consistent with the metallographic observation (cf. Figure 2a,b) of samples at low temperatures. Since twinning is reduced as the temperature is raised, the work-hardening effect is also less intense. As discussed in the previous sections, the calculated activation energies suggest that DSA does not play a significant role in the variation of yield stress with temperature, yet it is a significant factor as the stress approaches the UTS at 25 °C (cf. Figure 4). Therefore, DSA is believed to play a significant role in the work hardening of the studied steel, although the determination of its quantitative impact is beyond the scope of the present work.




4.2.3. Other Structure–Property Relations


The noticeable impact of temperature on the localization of strain is shown in Figure 6 and Figure 7b. Such variation can be interpreted as a consequence of the change in deformation mechanism. At low temperatures, the strain is mainly accommodated by twinning, whereas the necking at high temperatures is related to the dislocation slip. However, it must be kept in mind that triaxiality in strain after UTS could induce other deformation mechanisms, so the area reduction itself and/or total elongation after fracture could not be explained only by a competition between twinning and dislocation glide. Nevertheless, the delay in the necking appearance generates a very small range of heterogeneous plastic deformation, (see Figure 4), and then it is expected that the total elongation of the samples could be related to twinning or dislocation glide, as a first approach. The marked decrease in UTS with temperature (cf. Table 2) might as well be influenced by the localization of strain. Other factors potentially affecting the mechanical behavior of TWIP steels, such as cementite precipitation and martensitic transformation, were not detected under the conditions of the present experiments.



For a better understanding of the mechanical properties of the steel, the strain hardening [image: ] against [image: ] has been plotted in Figure 9. As can be seen, the upper curve corresponds to the tensile test carried out at 25 °C and the lower curve represent experiments made at 350 °C. This means that the maximum strain hardening occurs at room temperature, which is in accordance with the maximum difference between UTS and yield strength for this temperature (see Table 2). The meaning of this is that the twinning could be more effective in the strain hardening than dislocation glide. Metallographic analysis corroborates the twinning mechanism for low temperatures and the dislocation glide at T > 325 °C. Also, from Figure 9, in all cases, the maximum value for the derivative is related to the first stage of the tensile test, low strain, which is consistent with the fact that the material has a higher hardening capacity when it is not deformed. In turn, Figure 7 also shows a decrease in the strain hardening index, which is in accordance with the results shown in Figure 9. The curve for 25 °C shows a value for [image: ] between 4000 and 1800 MPa, and the three stages (A, B, and C) that correspond to a glide dislocation predominance, start of twinning, and decrease in twinning rate, respectively, are similar to those values reported by De Cooman et al. [22] for a 1 GPa TWIP steel.


Figure 9. Strain hardening behavior at different temperatures.



[image: Metals 08 00262 g009]









5. Conclusions


High-temperature tensile tests were carried out in a Fe-22Mn-0.65C TWIP steel. The analysis of mechanical data combined with the microstructural characterization suggest the transition of the deformation mechanisms with temperature at ~325 °C. While twinning is the most observed microstructural feature at low temperatures, dislocation slip is the most active one at high temperatures. The application of an Arrhenius-type relationship showed activation energies for yield stress comparable to twinning and dislocation slip at low and high temperatures, respectively. The transition in the failure mode of tensile test specimens, from nonlocalized at low temperatures to necking at high temperatures, suggests consistency with the transition in deformation mechanism previously suggested. The mechanical behavior described by means of strain hardening rate ([image: ] shows a good agreement with the microstructural features found at different temperatures (twinning vs dislocation slip), which in turn are consistent with global parameters analyzed such as strain hardening index (n) and area reduction. Also, it was confirmed that the behaviors of these kind of steels are strongly dependent on the SFE, being perhaps the most important parameter that determines the mechanical behavior of a TWIP steel. Finally, one of the most important aspects of the physical metallurgy of these steels is the twinning volume fraction at different temperatures. Determination of this parameter could give additional evidence about the relationship between twinning, SFE, and temperature.
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