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Abstract

:

The strain rate effect on the tensile behaviors of a high specific strength steel (HSSS) with dual-phase microstructure has been investigated. The yield strength, the ultimate strength and the tensile toughness were all observed to increase with increasing strain rates at the range of 0.0006 to 56/s, rendering this HSSS as an excellent candidate for an energy absorber in the automobile industry, since vehicle crushing often happens at intermediate strain rates. Back stress hardening has been found to play an important role for this HSSS due to load transfer and strain partitioning between two phases, and a higher strain rate could cause even higher strain partitioning in the softer austenite grains, delaying the deformation instability. Deformation twins are observed in the austenite grains at all strain rates to facilitate the uniform tensile deformation. The B2 phase (FeAl intermetallic compound) is less deformable at higher strain rates, resulting in easier brittle fracture in B2 particles, smaller dimple size and a higher density of phase interfaces in final fracture surfaces. Thus, more energy need be consumed during the final fracture for the experiments conducted at higher strain rates, resulting in better tensile toughness.
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1. Introduction


Metals and alloys with high strength and ductility are always desirable in applications for automobiles, aerospace and military defense. In recent decades, several design strategies have been proposed to reach such expectations, such as transformation-induced plasticity (TRIP) [1,2,3], twinning-induced plasticity (TWIP) steels [2,3,4,5], and dual-phase (DP) steels [6,7]. Recently, high specific strength steels (HSSS) with low density, achieved by adding Al (3–12 wt. %), have been widely studied due to their excellent mechanical properties, such as high specific yield strengths and large uniform elongations [8,9,10,11,12,13,14,15,16,17,18,19]. Most of these HSSS are based on Fe–Al–Mn–C alloy system (so called TRIPLEX steels), and consist of fcc austenite matrix, bcc ferrite matrix and finely dispersed   κ  -carbides (      (  Fe ,   Mn  )   3  AlC   . type) with nanometer size.



More recently, a HSSS with chemical composition of Fe–16Mn–10Al–0.86C–5Ni (wt. %) has been developed [20]. This HSSS with a dual-phase microstructure and ultrafine grains was found to show excellent mechanical properties, such as high specific strength and large elongation (a combination of a specific yield strength of 200 MPa·g−1·cm3 and uniform elongation of 16%, which can hardly be achieved in other high-strength steels). Kim et al. [20] has attributed the outstanding mechanical properties of this HSSS to the precipitation strengthening by the brittle B2 intermetallic compound. In our previous work [21,22], the stress/strain partitioning between the constituent phases and the back-stress-induced strain hardening have been found to play an important role during the plastic deformation for this HSSS, since the B2 phase was found to be deformable.



The HSSS can be considered as a perfect candidate for the advanced impact-tolerant structures in the automobile industry due to its excellent mechanical properties. It is widely accepted that the plastic flow behaviors and the corresponding deformation mechanisms are highly dependent on the loading rate for metals and alloys [23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40]. It is also well known that the observed resistance to plastic deformation is a rate-controlling process and can be affected by the strain rate [23,24,25,27,28]. The quasi-static tensile behaviors and the dynamic behaviors at high strain rates (~103/s) for TRIP steels, TWIP steels, DP steels and HSSS have been well characterized in previous research [1,2,20,41,42,43,44,45,46,47,48,49,50], while there is very limited experimental data on various steels at the intermediate strain rates (from 1 to 100/s) [51,52,53,54,55], which is an extremely important transition region in application of automobile industry, since vehicle crushing often happens in this strain rate range or within an even higher strain rate range. Thus, the potential applications for the HSSS in the automobile industry require a comprehensive understanding of deformation physics subjected to dynamic loading at intermediate strain rates.



In the HSSS with dual-phase microstructure, the strain rate sensitivity (SRS) is quite different for the soft fcc γ-austenite and the hard B2 phase. Thus, the loading rate can affect the stress/strain partitioning between these two phases and the resultant flow behaviors for this HSSS. Moreover, the strain rate effect on the deformation mechanisms for both phases in the HSSS is still unknown. For this perspective, a series of uniaxial tensile tests over a wide range of strain rates (0.0006–56/s) have been conducted on this HSSS. The strain rate effect on the flow behaviors was studied, and the rate-related constitutive equation was obtained for this HSSS. Moreover, the corresponding deformation mechanisms were revealed by the subsequent microstructure observations.




2. Materials and Methods


The HSSS (Fe–16.4Mn–9.9Al–0.86C–4.8Ni–0.008P–0.004S, wt. %) was produced using arc melting under protection of pure argon atmosphere, and the detailed procedures for preparing the hot-rolled (HR) strips can be found in our previous papers [21,22]. The HR strips with a thickness of 3.9 mm were annealed at 1000 °C for 1 h first, and then were cold rolled (CR) into a final thickness of 1.3 mm with a thickness reduction of 66%. The CR sheets were then annealed at 900 °C for 15 min, followed immediately by water quenching. Before and after tensile tests, the microstructures of the HSSS were characterized by electron back-scattered diffraction (EBSD) and transmission electron microscopy (TEM). For EBSD acquisition, a scanning area of 60 × 40 μm2 was chosen and a scanning step of 0.1 μm was used. The tensile fracture surfaces were also characterized by scanning electron microscopy (SEM). The detailed description of the sample preparation and the operating procedures for obtaining EBSD and TEM images can also be found in our previous papers [21,22].



Tensile tests at five different strain rates (0.0006, 0.05, 1.2, 3.6, 56/s) were conducted in the present study. Three experiments were conducted for each strain rate to check the repeatability. The quasi-static uniaxial tensile tests (strain rates of 0.0006, 0.05/s) were conducted using an MTS Landmark testing machine, and the dog-bone-shaped tensile specimens with a gauge length of 20 mm, a width of 4 mm and a thickness of 1.3 mm (with loading direction parallel to the rolling direction) were used (as shown in Figure 1a). A 10 mm gauge extensometer was used in the quasi-static uniaxial tensile tests to measure the strain. The tests at intermediate strain rates were conducted using a servo-hydraulic high speed tensile testing machine (HTM5020, Zwick, Ulm, Germany). This high speed tensile testing machine has experimental capabilities for a maximum crosshead displacement of 350 mm, a maximum load of 50 kN and a maximum velocity of 20 m/s. The data synchronous acquisition is 1 MHz for the high speed tensile testing machine. The specimens for the tests at intermediate strain rates have a gauge length of 10 mm, a width of 5 mm and a thickness of 1.3 mm (with loading direction parallel to the rolling direction), and the schematic illustration for the specimens tested at intermediate strain rates is shown in Figure 1b. A piezo-electric type load cell was used to measure the load during the tests at intermediate strain rates. The dynamic strain measurement during the tests at intermediate strain rates was obtained using a non-contact full-field strain measuring system (CSI Vic2D) base on the digital image correlation (DIC) method. A FASTCAMSA 5 high speed camera (Photron, Tokyo, Japan) was used for DIC method, and a random application of dots by marking pens was applied to the sample surface for strain measurement. The whole gauge length was used for the strain measurement by DIC. The detailed description for the dynamic strain measurement can be found elsewhere [51,52].




3. Results and Discussion


The EBSD and TEM images for the microstructures of the HSSS before the tensile tests are shown in Figure 2a,b, respectively. The corresponding indexed selected area diffraction pattern for the TEM image is given in the inset of Figure 2b. After annealing at 900 °C for 15 min, two phases are clearly visible, in which one is the fcc γ-austenite with equiaxed recrystallized grains and the other is the B2 phase (FeAl intermetallic compound) with both granular and lamellar shapes. The area fraction of B2 phase is about 22%. From the TEM image, it can be seen that the B2 phase is much inclined to precipitate at either the grain boundaries or triple junctions of γ-austenite matrix. Both phases show that they are nearly free of dislocation after annealing at 900 °C for 15 min, and annealing twins can be clearly seen in the γ-austenite grain interiors. Both phases show small grains, the average grain size is about 1.65 μm for the γ-austenite phase and is about 0.77 μm for the B2 phase.



The engineering stress–strain curves and the true stress–strain curves for the HSSS at various strain rates are displayed in Figure 3a,b, respectively. The Young’s modulus is the same for the experiments conducted at various strain rates. The curves of the strain hardening rate as a function of the true strain are shown in Figure 3c. It is observed that the yield strength and the flow stress increase with increasing strain rate, while the uniform elongation decreases with increasing strain rate. The positive strain rate sensitivity for the yield strength and the flow stress could be due to the following two aspects: (1) Higher flow stress is achieved at higher strain rate since higher strain rate might decelerate the dislocation annihilation; (2) higher strain rate might increase the barriers of dislocation motion for the thermal and mechanically activated plastic deformations [56]. The mechanical properties may be anisotropic in other directions due to the lamellar structure of some B2 grains.



It is interesting to note that all the stress–strain curves at various strain rates show non-continuous yielding. A concave segment over a range of strains is observed for all the stress-strain curves at various strain rates, and the stress–strain curves show different yielding behaviors at various strain rates. At lower strain rates, a transient deformation stage is observed without yield drop, while at higher strain rates, a yield-peak with yield drop shows up first, followed by a transient deformation stage. As observed in Figure 3b for the strain hardening rate vs. true strain curves, the hardening rate drops rapidly first after yielding, even drops to below zero for the curves with yield drop at higher strain rates, followed by an up-turn to reach its maximum, and then decreases slowly until the necking point. In our previous paper [21], such a transient deformation stage has been found to be caused by the back stress hardening due to the deformation incompatibility between different phases over a strain regime corresponding to the elasto-plastic transition stage. Similar behavior in the hardening rate has also been found recently in the other heterogeneous materials, such as gradient structure [57,58], heterogeneous lamella structure [59] and multilayer laminates [60]. During the plastic deformation of this HSSS, load transfer and strain partitioning between two phases will occur since the softer fcc austenite phase are easier to deform than the harder B2 phase. Thus, the softer fcc austenite grains should carry higher plastic strain and lower flow stress during the plastic deformation. The strain rate hardening behaviors and the SRS for the two phases in this HSSS should be quite different, which definitely will affect the magnitude of the strain redistribution between the two phases. This effect of strain rate on the strain partitioning between two phases will be shown and discussed in the following sections.



The SRS of flow stress can be defined as


   m =   (   ∂ ln σ   ∂ ln  ε ˙    )   T ,   ε     



(1)




where   σ  ,    ε ˙   ,   ε  ,   T   are true stress, true strain rate, true strain and applied temperature, respectively. The yield strength, the true flow stresses at true strains of 5%, 10%, 15% and 20% have plotted in Figure 3d as a function of true strain rate in double logarithmic coordinates, and then the average SRS (   m ¯   ) for this HSSS has been calculated to be about 0.0087.



The well-known Ludwik’s equation [61] can generally be used to describe the strain hardening behaviors of materials and the strain hardening exponent (n) can be obtained from this equation:


   σ =  σ 0  + K  ε n    



(2)




where     σ 0     is the yield strength, and   K   is the strength coefficient. The uniform elongation, the total elongation and the strain hardening exponent as a function of strain rate are displayed in Figure 4a for this HSSS. The uniform elongation and the strain hardening exponent are observed to decrease with increasing strain rate, while the total elongation remains similar at all strain rates. It is well known that the specific energy absorption under tension can be obtained by integrating the engineering stress over the engineering strain:


    W s  =   ∫   σ e  d  ε e       



(3)







Thus, the specific energy absorption as a function of engineering strain at various strain rates is plotted in Figure 4b, the specific energy absorption as a function of strain rate at various engineering strains is displayed in Figure 4c. It is clearly seen that the specific energy absorption increases with increasing strain rate at various engineering strains due to the positive SRS for this HSSS. The product of the ultimate strength and the total elongation can generally be considered as tensile toughness for materials [53]. Then, the yield strength, the ultimate strength and the tensile toughness are plotted as a function of strain rate in Figure 4d. It should be noted that the error bars for the standard deviation have been provided in Figure 4a,d, since three specimens were tested for each data point. Thus, the yield strength, the ultimate strength and the tensile toughness are all observed to increase with increasing strain rate, which indicates both higher strength and higher toughness under tension at higher strain rates. The larger specific energy absorption at higher strain rates is mainly due to the higher flow stress and the similar fracture elongation. It is well known that excellent candidates for energy absorbers require materials that are (i) capable of keeping a high value of the yield strength upon deformation, and (ii) able to absorb more energy up to fracture [30,32]. In addition to the high specific yield strength and the large uniform elongation under quasi-static conditions for this HSSS when compared to the other dual phase steels [11,14,16,17,18,19], the simultaneously improved strength and the improved tensile toughness at the intermediate strain rates are very appropriate for the application of this HSSS in the automotive industry to enhance safety during a vehicle crash since the applied strain rate range for vehicle crushing is generally between 1 and 100/s (intermediate strain rates) [51,52,53,54,55] or even higher.



It is well known that the strain and the strain rate have strong influences on the flow stress of metals and alloys [24,25,26,27,28]. A computational model, known as the Johnson-Cook (J-C) model, has been presented for describing all effects of strain hardening, strain rate hardening and thermal softening on the flow stress. This model has been used for different materials including TRIP steels [62] and high strength dual phase steels recently [63,64]. This model is quite useful due to its simple expression for engineering applications, and the von Mises flow stress can be expressed as three uncoupled terms as following:


   σ = [ A + B  ε p n  ] [ 1 + C ln   ε ˙  ∗  ] [ 1 −  T  ∗ m   ]   



(4)




where     ε p     is the true plastic strain,      ε ˙  ∗  =  ε ˙  /   ε ˙  0     is the normalized strain rate with respect to      ε ˙  0  = 0.0006   / s   , and     T ∗     is the homologous temperature define as     T ∗  = ( T −  T  r o o m   ) / (  T  m e l t   −  T  r o o m   )   .    A ,   B ,   C ,   n ,   m    are five material parameters, which need to be determined by fitting the experimental curves. The first term of Equation (4) represents the strain hardening term (usually known as Ludwik equation), which can be determined by the true stress–true strain curve for the test at strain rate of 0.0006/s (as shown in Figure 5a). The second term of Equation (4) represents the strain rate hardening term, and parameter   C   is the strain-rate sensitivity. The third term of Equation (4) represents the thermal softening term, which is not within the consideration of the current study. In order to determine parameter   C  , the true flow stresses at four true plastic strains (    ε p  = 0.05 ,   0.1 ,   0.15 ,   0.2   ) were plotted against the logarithmic normalized strain rate in Figure 5b. The fitting parameters for these experimental data at four true plastic strains were demonstrated as four solid lines in Figure 5b, and an average value of parameter   C   was obtained to be 0.0084 from these four fitting lines. Thus, the J-C model for the flow stress without considering the thermal softening effect can be written as:


   σ = [ 1.155 + 2.326  ε p  0.991   ] [ 1 + 0.0084 ln   ε ˙  ∗  ]   



(5)







In Equation (5), the constants   A   (1.155) and   B   (2.326) have unit of GPa. Based on Equation (5), the hardening J-C model was found to have good agreement with the experimental data for the true stress-true plastic strain curves at various strain rates, as shown in Figure 5c. The maximum possible temperature rise (assuming adiabatic condition) during the plastic tensile deformation can be estimated as    Δ T =  η  ρ  C v      ∫  σ d  ε p       , where   ρ   is the mass density,     C v     is the heat capacity,   η   is the Taylor–Quinnery coefficient for plastic work converted to heat (commonly    η = 0.85   ),     ε p     is the plastic strain, and   σ   is the tensile flow stress. For this HSSS,   ρ   is 6.8 g/cm3 and     C v     can be approximately taken as 540 J/kg [65]. Thus, Equation (5) can be used to well describe the flow behaviors of this HSSS up to strain rate of 56/s since the possible temperature rise by the dissipated plastic work in the specimen is less than 80 °C (calculation based on above equation) for the test at strain rate of 56/s. Moreover, the application of this HSSS at even higher strain rates requires in-depth study on the relation between the temperature and the flow stress in the future work since the adiabatic temperature rise during high strain rate tension is inevitable and the thermal softening should be considered.



In our recent paper [66], significant phase transformation from fcc austenite phase to B2 phase by diffusional transformation has been observed to facilitate the superplasticity during the tensile testing under temperature of 973 K for this HSSS. The high temperature (973 K) can facilitate the diffusional behaviors of the elements and the diffusional transformation. The EBSD phase distributions after tensile tests at various strain rates under room temperature are displayed in Figure 6a–e, and the volume fraction of B2 phase after tensile testing as a function of the applied tensile strain rate is shown in Figure 6f. As indicated, the volume fractions of B2 phase after tensile tests at various strain rates (~22%) are very similar to that of the untested sample (~22%), indicating that no phase transformation is observed at all strain rates. These observations indicate that the fcc austenite phase is relatively stable under room temperature even at intermediate strain rates since the diffusional transformation cannot occur at these stresses and strain rates without the assistance of high temperature. Thus, the plastic deformation during tensile tests at various strain rates under room temperature should be accommodated by the deformation twins and the dislocation behaviors in both phases, which will be illustrated by TEM observations later.



In this HSSS, the γ-austenite phase is softer than the B2 phase, thus the strain partitioning makes the γ-austenite grains to bear larger amount of plastic strains. The back stress hardening has been found to play an important role for the tensile ductility in this HSSS due to the load transfer and the strain partitioning between two phases [21]. This strain partitioning is measured by the aspect ratio changes before and after tensile tests at two different strain rates (0.0006 and 56/s) for this HSSS. The grain morphologies for γ-austenite grains before tensile tests are displayed in Figure 7a, while the grain morphologies for γ-austenite grains after tensile tests at two strain rates (0.0006 and 56/s) are shown in Figure 7b,c (the tensile direction is along the horizontal direction). The corresponding aspect ratio information before and after tensile tests is displayed in Figure 7d–f. In these figures,    l ¯    and    w ¯    indicate the average spacing in axial and transverse directions,    α ¯    is the average aspect ratio defined by     α ¯  =  l ¯  /  w ¯    . In Figure 7b,c, the EBSD images correspond to the true uniform tensile strains of 28.1% and 20.9% (as shown in Figure 3b), respectively. As indicated, most of the initial, relatively equi-axed γ-austenite grains now become strongly elongated along the tensile direction. Then, the mean true strain in the γ-austenite grains can be estimated, and the details for the derivation of the formula and the calculation method can be found in our previous paper [59]. Basically, by assuming the volume is constant during the plastic deformation, the tensile true strain is estimated based on the aspect ratio change after the tensile deformation. Then, the mean true tensile strains experienced by the γ-austenite grains during the uniform tensile loading at the strain rates of 0.0006 and 56/s can be estimated to be 31.5% and 24.0%, respectively. Based on the rule of mixture, the mean true tensile strains experienced by the B2 phase during the uniform tensile loading at the strain rates of 0.0006 and 56/s can be calculated to be 16.0% and 9.9%, respectively. Then, the ratio of strains between fcc austenite phase and B2 phase at the strain rate of 0.0006/s is estimated to be about 1.97, while the ratio of strains between fcc austenite phase and B2 phase at the strain rate of 56/s is estimated to be about 2.42. The data for strain partitioning between two phases at two different strain rates can be summarized in Table 1. It is observed that the softer fcc austenite grains even bear a higher fraction of true tensile strain at higher strain rates. It is well known that the SRS for the fcc γ-austenite and the hard B2 phase should be quite different. It is highly possible that the SRS of the fcc γ-austenite is higher than that of the B2 phase, making the fcc γ-austenite to accommodate more fraction of strain at higher strain rates. It is well accepted that the tensile elongation is generally much smaller at high strain rates due to the adiabatic temperature rise under dynamic loading [23,27,28], while the total tensile elongation is similar at all strain rates in the present study, which could be due to the fact that the softer fcc γ-austenite grains with high deformation ability bear more fraction of strain, which delays the deformation instability and the crack initiation for the B2 phase and the phase interfaces.



In order to illustrate the strain rate effect on the strain partitioning and the deformation mechanisms, the TEM images for the samples after testing at strain rates of 0.0006/s and 56/s are displayed in Figure 8. As indicated, a high density of deformation twins (even occasional multiple twins, marked by primary twins as first and secondary twins as second) and dislocations in the grain interiors of fcc austenite phase are observed at both low and high strain rates. The fcc austenite grains are observed to be stretched to true strains of 31.5% and 24.0% at strain rates of 0.0006 and 56/s, and these high plastic deformations are expected to increase the dislocation density and the deformation twins in the grain interiors of fcc austenite grains. These formed twin boundaries (TBs) by deformation twins are effective obstacles to the motion of dislocations and can accumulate the pile-up of dislocations near TBs (as indicated in Figure 8), which could provide great resistance to the further dislocation motion and thus the strong strain hardening for sustaining uniform elongation as suggested by previous research [4]. Dislocations are also observed in the B2 grains after tensile testing, indicating that the B2 phase are plastically deformable and the dislocations can be stored in the B2 grains. As indicated, high density of dislocations are also observed to accumulate around the B2 particles and these high density of dislocations at the phase interfaces will ensure the continuous strains at the phase interfaces to accommodate the strain gradient between the two phases and to elevate the back stress [21].



The SEM images of final fracture surfaces for the tensile tests at various strain rates are shown in Figure 9. The tensile fracture at various strain rates is observed to be ductile with dimples. The average dimple size is estimated to be 3.22, 2.96, 1.63, 1.44, 1.37 μm for the tensile tests at strain rates of 0.0006, 0.05, 1.2, 3.6, 56/s based on the SEM images. These dimples appear to be formed by pulling the B2 grains out from the fcc austenite matrix or fracturing the B2 particle during the tensile loading. As indicated earlier, the B2 phase is less deformable at higher strain rates, which result in easier brittle fracture in B2 particles and smaller dimple size at the final fracture surface. Thus, the size of B2 particles will be smaller and the density of the phase interfaces will be higher at the final fracture surfaces, and more energy is needed to consume for the final fracture at higher strain rates due to the fracturing of B2 phase during the tensile deformation at higher strain rates. These observations could also provide the origin for the higher energy absorption during the tensile deformation at higher strain rates, as shown in Figure 4.




4. Conclusions


The tensile behaviors of the HSSS with ultrafine grains and dual-phase microstructure were investigated over a wide range of strain rates from 0.0006 to 56/s in the present study, and the main findings are summarized as follows:




	(1)

	
This HSSS shows excellent tensile properties at the strain rate range of 0.0006 to 56/s. The uniform elongation and the strain hardening exponent are observed to decrease slightly with increasing strain rate for this HSSS, while it is observed that the yield strength, the ultimate tensile strength and the tensile toughness all increase with increasing strain rate at the strain rate range from 0.0006 to 56/s, rendering this HSSS as an excellent candidate for energy absorber in automobile industry.




	(2)

	
The Johnson-Cook model can be used to well describe the strain hardening behaviors and the strain rate effect for this HSSS, and the final constitutive relation has the form of    σ = [ 1.155 + 2.326  ε p  0.991   ] [ 1 + 0.0084 ln   ε ˙  ∗  ]    and has a good agreement with experimental results.




	(3)

	
At lower strain rates, a transient strain hardening behavior is observed without yield drop, while at higher strain rates a yield-peak with yield drop shows up first, followed by a transient deformation stage. Such a transient deformation stage has been found to be caused by the back stress hardening due to the load transfer and strain partitioning between two phases, and the softer fcc austenite grains even bear more fraction of true tensile strain to delay the deformation instability at higher strain rates. No phase transformation is observed at all strain rates. The deformation twins are observed in the fcc austenite grains at all strain rates, facilitating the uniform tensile deformation.




	(4)

	
The dimple size is observed to be smaller and the density of phase interfaces is found to be higher at final fracture surfaces, and thus more energy need be consumed during the final fracture for the experiments conducted at higher strain rates, resulting in better tensile toughness at higher strain rates. This higher density of the phase interfaces can be attributed to the easier brittle fracture in B2 particles since the B2 phase is less deformable at higher strain rates. The present results should provide insights for better understanding the deformation physics of this HSSS and provide design strategy for achieving better mechanical properties for impact-tolerant applications in automobile industry. In future work, the compressive properties of this HSSS at various strain rates should also be investigated for better understanding in applications as energy absorbers.
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Figure 1. (a) Shape and dimensions of the dog-bone-shaped tensile specimens for quasi-static tests. (b) Shape and dimensions of the dog-bone-shaped tensile specimens for tensile tests at intermediate strain rate. 
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Figure 2. (a) Electron back-scattered diffraction (EBSD) phase image and grain morphology for the high specific strength steel (HSSS) after annealing at 900 °C for 15 min (The red color stands for γ-austenite phase, and the green color stands for B2 phase). (b) TEM image showing the microstructures of γ-austenite phase and B2 phase after annealing at 900 °C for 15 min. The indexed selected area diffraction pattern for TEM image with electron beam closely parallel to both the [011]γ and [001]B2 zone axes is shown in the inset of Figure 2b. 
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Figure 3. (a) Engineering stress–strain curves for the HSSS at various strain rates; (b) True stress–strain curves for the HSSS at various strain rates; (c) Strain hardening rate a function of true strain for the HSSS at various strain rates; (d) Yield strength and flow stresses at various true strains as a function of true strain rates in double logarithmic coordinates for the HSSS. The insets of Figure 3a show good repeatability for both tests conducted at quasi-static strain rates and intermediate strain rates. 
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Figure 4. (a) Uniform elongation, total elongation and strain hardening exponent as a function of strain rate for the HSSS; (b) Specific energy absorption as a function of engineering strain at various strain rates; (c) Specific energy absorption as a function of strain rate at various engineering strains; (d) Yield strength, ultimate strength and tensile toughness as a function of strain rate. 
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Figure 5. (a) Experimental data for true stress–true plastic strain curve at strain rate of 0.0006/s and the fitting curve of the J-C model; (b) True flow stress as a function of logarithmic normalized strain rate at various true plastic strains; (c) Comparison for true stress-true plastic strain curves between the experimental data and the J-C model. 
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Figure 6. EBSD phase distributions after testing at strain rate of (a) 0.0006/s; (b) 0.05/s; (c) 1.2/s; (d) 3.6/s; (e) 56/s. The red color stands for γ-austenite phase, and the green color stands for B2 phase. (f) The volume fraction of B2 phase after tensile testing versus the applied tensile strain rate. 
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Figure 7. EBSD images and grain morphologies of γ-austenite phase for (a) untested sample; (b) sample after testing at strain rate of 0.0006/s; (c) sample after testing at strain rate of 56/s. The EBSD images correspond to the true uniform tensile strains of 28.1% (Figure 7a) and 20.9% (Figure 7b). Histograms showing the statistics of the grain size distribution and aspect ratio measurements for: (d) untested sample; (e) sample after testing at strain rate of 0.0006/s; (f) sample after testing at strain rate of 56/s. 






Figure 7. EBSD images and grain morphologies of γ-austenite phase for (a) untested sample; (b) sample after testing at strain rate of 0.0006/s; (c) sample after testing at strain rate of 56/s. The EBSD images correspond to the true uniform tensile strains of 28.1% (Figure 7a) and 20.9% (Figure 7b). Histograms showing the statistics of the grain size distribution and aspect ratio measurements for: (d) untested sample; (e) sample after testing at strain rate of 0.0006/s; (f) sample after testing at strain rate of 56/s.



[image: Metals 08 00011 g007]







[image: Metals 08 00011 g008 550] 





Figure 8. TEM images for (a) sample after testing at strain rate of 0.0006/s; (b) sample after testing at strain rate of 56/s. 
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Figure 9. SEM images of the fracture surfaces for the tensile tests at various strain rates: (a) 0.0006/s; (b) 0.05/s; (c) 1.2/s; (d) 3.6/s; (e) 56/s. 
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Table 1. Summary of data for strain partitioning between two phases at two different strain rates.
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	Strain Rates (/s)
	Uniform Elongation (     ε u     )
	     ε γ     
	     ε   B 2       
	Fraction of Strain (     f γ   ε γ  /  ε u     )
	Fraction of Strain (     f   B 2     ε   B 2    /  ε u     )
	Ratio of Strains (     ε γ     /     ε   B 2       )





	0.0006
	28.1%
	31.5%
	16.0%
	87.4%
	12.6%
	1.97



	56
	20.9%
	24.0%
	9.9%
	89.6%
	10.4%
	2.42
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