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Abstract

:

Twinning-induced plasticity (TWIP) steel is a second-generation advanced high strength steel grade developed for automotive applications. TWIP steels exhibit an excellent combination of strength and ductility, mainly originating from the activation of deformation twinning. However, TWIP steels generally exhibit a relatively low yield strength (YS), which limits their practical applications. Thus, developing high YS TWIP steels without ductility loss is essential to increase their industrial applications. The present work summarizes and discusses the recent progress in improving the YS of TWIP steels, in terms of precipitation strengthening, solid solution strengthening, thermomechanical processing, and novel processes. Novel processes involving sub-boundary strengthening, multi-phase structure, and gradient structure as well as the control of thermomechanical processing (recovery annealing and warm rolling) and precipitation strengthening were found to result in an excellent combination of YS and total elongation.
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1. Introduction


High Mn twinning-induced plasticity (TWIP) steel is a second-generation advanced high strength steel grade developed for automotive applications. TWIP steels are characterized by high Mn content ranging from 12 to 30 wt.%, and their main alloying elements besides Mn include C, Al, Si, etc. TWIP steels exhibit an excellent combination of strength and ductility due to the superior strain hardening behavior originating from the activation of deformation twinning [1,2]. The use of TWIP steels can result in a considerable weight reduction of steel components and a reduction of material use [3]. Further, the high energy-absorption capacity of TWIP steels is suitable for applications of crash relevant components in automobiles. However, TWIP steels generally have a relatively low yield strength (YS), which limits their practical applications. For example, the crash performance of TWIP steels can be outperformed by dual phase (DP) steels of the equal ultimate tensile strength (UTS) due to higher YS of the latter [4]. Considerable research has been conducted to tackle the issue of low YS of TWIP steels [5,6,7].



Classical strengthening mechanisms of metals include grain boundary strengthening [8], precipitation strengthening [9], solid solution strengthening [10], and work hardening [11]. Materials with high strength generally show ductility loss [12]. Various processing methods have been proposed to overcome the strength-ductility trade-off, which can be mainly divided into two directions: (1) Control of the thermomechanical processing [13,14,15]; (2) Application of novel processing methods to activate multiple strengthening effects [7,16,17].



The present work summarizes representative research works on the improvement of YS in TWIP steels by activation of multiple strengthening mechanisms as illustrated in Figure 1. With regards to novel processing methods, TWIP steels with high YS without losing ductility have been reported. For instance, dislocation cell structure [16], multi-phase structure [17], and gradient structure [18] lead to the effective strengthening of TWIP steels without significant loss of ductility.




2. Precipitation Strengthening by Nanoscale Precipitates


Precipitation strengthening has been widely utilized to improve the YS of TWIP steels. The addition of microalloying elements such as Ti [19], V [19,20,21,22], Nb [22,23,24,25] could significantly enhance the YS of TWIP steels by precipitation of carbides. Nevertheless, the precipitation strengthening mechanisms of TWIP steels by dispersed carbides are not yet fully understood due to the complex nature of the interaction between the carbides and the defects such as dislocations, deformation twins [20,25]. Precipitation strengthening is mainly governed by the interaction of particles with dislocations [9]. According to the Ashby-Orowan relationship, the magnitude of precipitation strengthening (ΔσP) in polycrystalline materials is strongly dependent upon volume fraction (f) and size (D) of carbides and described by the following equation [21]:


  Δ  σ P  = 0.847 · M ·   1.2  π  · G · b    3  2 · π     ·    f  0.5    D  ln  (   D  2 b    )   



(1)




here M is the Taylor factor (3.06 for FCC metals), G and b are the shear modulus (~74 GPa in TWIP steel [1]) and Burgers vector of perfect dislocations (~0.25 nm in TWIP steel [21]), respectively. Figure 2 shows the calculated magnitude of precipitation strengthening using the parameters of f and D reported for TWIP steels [5,19,20,21]. The analysis clearly shows that nano-sized carbides are highly effective in precipitation strengthening while relatively coarse carbides (large than several tens nanometers) are not very effective in precipitation strengthening. Table 1 summarizes various parameters related to precipitation strengthening of TWIP steels reported from previous works.



Moreover, precipitates at grain boundaries exhibit the Zener-pinning effect [26] leading to interference of grain boundary motion and grain refinement during heat treatment. Thus, precipitates contribute to additional grain size strengthening. Scott et al. [19] reported an increase in YS of Fe-22Mn-0.6C steel by the addition of 0.9 wt.% V. The VC carbides could effectively reduce the grain size from 2.5 μm to 1.2 μm and contribute to grain boundary strengthening, which is estimated as 125 MPa. Gwon et al. [25] reported Fe-17Mn-0.6C-1.5Al TWIP steels with superior strength-ductility combination by Nb micro-alloying in the range of 0.01 to 0.1 wt.%. The high YS higher than 800 MPa is attributed to the combined effect of precipitation strengthening and partial recrystallization. Compared to complete recrystallization, partial recrystallization results in heterogeneous microstructures consisting of a mixture of recrystallized and unrecrystallized grains. The remained high density of twins and dislocations in the unrecrystallized grains could lead to an increase in YS without significant loss of ductility. This approach opened a new way to develop high-YS TWIP steel without large ductility loss.



To achieve an excellent strength-ductility combination of precipitation-hardened TWIP steels, the interaction between precipitates and defects should be considered. Yen et al. [20] investigated the interaction between the defects and V4C3 carbides in Fe-22Mn-0.6C-0.87V steel by transmission electron microscope (TEM) and reported that dissociated partial dislocations interacted with the V4C3 carbides via a bypass mechanism. The bypass mechanism usually applies to incoherent, hard precipitates, and results in strengthening of materials. When the precipitates are too strong to be cut, dislocations can effectively glide over the precipitates by leaving dislocation loops under sufficient stress. Further, the V4C3 carbides could hinder the propagation of deformation twins and the retarding force was dependent upon the twin thickness. The carbides could act as effective obstacles to impede the twinning propagation if the size of carbides is larger than the thickness of twins.




3. Solid Solution Strengthening


Solid solution strengthening of TWIP steels has been reported for various alloying elements such as C [27,28], N [29,30], Al [31,32], and Si [33,34,35]. The solid solution strengthening by alloying elements is originated from the interaction between alloying atoms and dislocations due to the size misfit between the alloying atoms and matrix atoms and modulus change, a local change of elastic constants due to the presence of the alloying atoms [10]. The magnitude of solid solution strengthening (ΔσSS) by alloying elements is represented by the following equation [31]:


  Δ  σ x  SS   = K  c  ·   (    (   1 a  ·   d a   d c    )   2     +   0.0025     (   1 G  ·   d G   d c    )   2  )    3 4     



(2)




here K is a constant, c is the mole fraction of the alloying element x, a is the lattice parameter of austenite, and G is the shear modulus. Jung et al. [31] found that the experimentally measured solid solution strengthening contribution of Al is in good agreement with Equation (2) while the value of K equal to 0.474.



Figure 3 compares the estimated magnitude of solid solution strengthening from interstitial elements and substitutional elements and shows that the solid solution strengthening effect is much more pronounced for interstitial elements compared to the substitutional elements. Specifically, N shows the most pronounced solid solution strengthening effect. Rawers et al. [36] proposed the following equation describing the magnitude of solid solution strengthening by N,   Δ  σ N  SS    :


  Δ  σ N  SS   = 215 +  939 % N  +    61 % N    0.5    



(3)




here %N represents the weight percentage of N in the steel. Note that the solubility of N in austenitic steels is a function of the chemical composition of the steels. Especially both Cr and Mn can effectively increase the N solubility, thereby increasing the solid solution strengthening effect of N [29,37].



C is the most essential interstitial element in TWIP steels and provides effective solid solution strengthening in TWIP steels. Bouaziz et al. [27] proposed an empirical equation of YS of coarse-grained (D > 20 μm) high Mn steels as a function of C and Mn content:


  YS  (  MPa  )  = 228 +  187 % C  −  2 % Mn   



(4)




here %C and %Mn represents the weight percentage of C and Mn in the steel, respectively. Lee et al. [28] investigated the influence of C concentration on YS of high-Mn steels having similar stacking fault energy (SFE) and grain size and reported a linear increase in YS with increasing carbon concentration (241 MPa/ wt.%C).




4. Effect of Thermomechanical Processing on Yield Strength


This section will focus on various thermomechanical processing of TWIP steels to control microstructures and improve the YS of TWIP steels. Conventionally, the purpose of thermomechanical processing is to obtain: (1) Grain refinement and/or heterogeneous grain structure [6,14,38,39], (2) a dense nanoprecipitation of carbides [5,40], (3) hierarchical microstructures [17,41,42], and (4) a high density of dislocations or nano twins [43,44], which provides many penetrable and impenetrable barriers to dislocation glide.



The typical thermomechanical processing to improve YS of TWIP steels consists of cold rolling and low-temperature annealing. The low-temperature annealing can be categorized as reversion annealing (for TWIP-transformation-induced plasticity (TRIP) steels) [44], recovery annealing [45], and partial recrystallization annealing [25].



As shown in Figure 4, cold rolling generates a high density of various defects such as strain-induced martensite, grain boundaries (both high angle grain boundaries and low angle grain boundaries), deformation twins, and dislocations [44,46]. With increasing cold rolling reduction,    ε  c o l d    , shear bands are often generated from the twin-matrix (TM) rotation due to the strain localization [47,48]. Vercammen et al. [47] investigated the effect of cold-rolling reduction on deformation microstructures and mechanical properties of Fe-30Mn-3Al-3Si steel. With increasing cold-rolling reduction, deformation microstructures change from deformation twinning to inhomogeneous deformation mechanisms such as the formation of shear bands. Yanushkevich et al. [49] proposed that the YS of Fe-17Mn-1.5Al-0.3C TWIP steel can be described by the following equation:


  YS =  σ 0  + C  (  1 − exp  (  −  ε  cold    )   )   (   k y  −  σ ρ   )  +  σ ρ   



(5)




here σ0 is Peierls stress, C is the constant which depends on the annealing time, ky is the Hall-Petch coefficient, and σρ is the contribution of dislocation strengthening. However, if the density of defects such as dislocations and deformation twins saturates during the cold-rolling process, strain hardening capability is greatly reduced. Thus, to achieve the balance between strength and ductility, the reduction of the defect density by further annealing after cold-rolling is required.



As a post-process after cold-rolling, low-temperature annealing is widely used to produce heterogeneous microstructure in TWIP/TRIP steels. During the low-temperature annealing of the cold-rolled material, the cold-rolled microstructure evolves into the recovered, and the partially recrystallized microstructure with increasing annealing temperatures. The cold-rolled microstructure shows a high density of deformation twins and dislocations in deformed γ grains (and/or mechanically induced martensite in TWIP/TRIP steels [44]). The recovered microstructure formed by the recovery annealing is characterized by annihilation and rearrangement of dislocations. However, considerable amount of deformation twins generated during the cold-rolling remain due to their thermal stability. Finally, the partially recrystallized microstructure is characterized by the coexistence of (1) recovered austenite grains with remained twins and dislocations, and (2) the recrystallized strain-free austenite grains [25,45]. The different microstructures depending upon the annealing conditions greatly affect mechanical properties. For example, Gwon et al. [25] reported for Fe-17Mn-0.6C-1.5Al TWIP steel that recovered material (annealed at 600 °C, YS: 1263 MPa, ultimate tensile strength (UTS): 1489 MPa, total elongation (TE): 18.3%) shows much higher YS, but limited ductility compared to the fully-recrystallized material (annealed at 800 °C, YS: 524 MPa, UTS: 1096 MPa, TE: 60.1%). The partially-recrystallized material (annealed at 650 °C, YS: 781 MPa, UTS: 1218 MPa, TE: 33.6%) showed an excellent combination of strength and ductility. One should note that both the fully recrystallized TWIP steels and the recovery annealed TWIP steels did not reveal pronounced anisotropic mechanical behavior [14].



Wesselmecking et al. [50] applied bake hardening treatment, (low-temperature aging treatment, also called paint baking treatment, applied to increase YS of steels sheets by the interaction of carbon atoms with dislocations) for Fe-19Mn-0.4C-2Cr-1Al steel and reported that the bake hardening treatment in the temperature range from 120 °C to 200 °C resulted in the formation of a short-range ordered Mn-C cluster, and an increase in YS. The short- range ordering was suggested to act as obstacles for dislocation motion [51]. Essentially, the formation of Mn-C pairs was reported to be more energetically favorable to the formation of Fe-C pairs [52].



Warm rolling has been often utilized in the processing of TWIP steels to increase their YS. Higher temperatures used in the warm rolling compared to the cold rolling could change deformation mechanisms due to the temperature dependence of SFE [53]. Dong et al. [54] reported that the warm rolling at 400 °C increased the YS of Fe-30Mn-4Si-2Al TWIP/TRIP steel from 258 MPa for the steel before warm rolling to 785 MPa after the warm rolling reduction of 35%. Moreover, the increased dislocation density after warm rolling could enhance the effective SFE and result in a change of deformation mechanism from TRIP to TWIP/TRIP. The change of deformation mechanisms could lead to high strain hardening and high TE of 44%. Brasche et al. [13] reported for Fe-18Mn-0.6C-1.2Al-0.04Si TWIP steel that the asymmetric rolling resulted in a high YS of 1047 MPa and a high TE of 30%. In the process of the warm rolling, the elevated temperature could suppress deformation twinning, and the generation of the shear strain component from asymmetric rolling could additionally contribute to the high YS.




5. Novel Processes to Improve the Yield Strength


This section will focus on novel processes to improve the YS without ductility degradation in TWIP steels. Hamada et al. [16] developed a TWIP steel with a dense dislocation cell structure by using cyclic pre-straining, which showed a superior strength-ductility combination (YS of ~1 GPa, TE of ~50%). The dislocation cell structures are reported to play a unique role in strengthening mechanisms, which can act as stable and penetrable barriers to glide of dislocations and result in an increase in both YS and ductility [55,56].



Multi-phase TWIP/TRIP steels have recently received increasing attention. The multi-phase microstructures consisting of austenite and  ε -martensite could be simply achieved by a combination of cold rolling and annealing of the low SFE TWIP/TRIP steels since the low-SFE alloys exhibit an intrinsic shape memory effect of reversible γ and ε-martensite [57,58]. The Fe-Mn alloys which have a dual-phase microstructure consisting of γ and ε-martensite generally show good ductility due to the activation of intrinsic deformation mechanisms of ε martensite such as <c>-component dislocations [59]. Li et al. [17] developed a multi-phase hetero-structured Fe-18Mn-0.4C-3Cr-6Si-0.1Ni-1.6Mo-0.2Cu TWIP/TRIP steel with the microstructure consisting of fine and coarse austenitic grains with a few fine ferritic grains, which showed a YS of 1.2 GPa with a TE of 30%. Such a high YS was originated from the combination of the hard phase and hetero-structured matrix, leading to the hetero-deformation induced strengthening. TRIP and TWIP effect activated during deformation could contribute to the strain hardening of the material.



Gradient microstructures could be utilized to enhance the balance between strength and ductility of TWIP steels. Conventionally, the gradient structure provides an extra strain hardening by the geometrically necessary dislocations caused by strain gradient [15,60,61]. Kalsar et al. [7] reported that the gradient structure in Fe-10Mn-0.5C-3Ni TWIP steel generated by surface mechanical attrition treatment (SMAT) could increase the YS from 400 MPa for the annealed starting material to 550MPa with maintaining an excellent ductility (TE of ~52%). Kim et al. [18] reported a gradient structured Fe-15Mn-0.6C-1.2Al TWIP steel processed by ultrasonic nanocrystalline surface modification. The material showed an excellent strength-ductility combination (YS of ~800 MPa, TE of ~50%) due to the grain refinement and additional back-stress hardening.



Severe plastic deformation was also utilized to increase the YS of TWIP steels. The combination of severe plastic deformation using equal-channel angular pressing (ECAP, at 300  ℃ ) and recovery annealing was introduced by Haase et al. [62]. The material showed an ultrahigh YS of 1077 MPa and TE of 12.3%. The ultrahigh YS was originated from the nanocrystalline grains (<100 nm) and remained deformation twins generated during the ECAP process. In addition, the decrease of dislocation density upon recovery annealing slightly recovered strain hardening and ductility. Wang et al. [63] also reported for Fe-20Mn-0.5C-1.2Si-1.7Al TWIP steel that the combination of ECAP and annealing at 300 °C could result in excellent mechanical properties with YS of 1150 MPa and TE of 19%.




6. Conclusions and Outlook


The present work summarizes and discusses the recent progress in improving the YS of TWIP steels. Based on the discussion from the present work, Figure 5 summarizes the relationship between YS and TE of TWIP steels utilizing various strengthening mechanisms. Figure 5 shows that novel processes such as sub-boundary strengthening, multi-phase structure, and gradient structure result in exceptional properties due to the activation of multiple strengthening mechanisms. The control of thermomechanical processing (recovery annealing and warm rolling) and precipitation strengthening could also lead to an excellent combination of YS and TE, i.e., YS higher than 740 MPa and TE larger than 30%. Therefore, future works to improve the YS of TWIP steels should focus on activating multiple strengthening mechanisms by utilizing heterogeneous microstructures, preferably using economical and viable ways from the perspective of industrial applications.
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Figure 1. Classical and novel strengthening mechanisms operative in TWIP steels. (LAGB: Low angle grain boundary, HDI: Hetero deformation induced). 
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Figure 2. The calculated magnitude of precipitation strengthening using the parameters of volume fraction and size of carbides reported for TWIP steels. 
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Figure 3. Estimated magnitude of solid solution strengthening from interstitial elements (N [35], C [27]) and substitutional elements (Si [35], Al [31]). 
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Figure 4. Thermomechanical processing consisting of cold rolling and low-temperature annealing in TWIP steels. 
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Figure 5. Summary of the relationship between YS and TE of TWIP steels utilizing various strengthening mechanisms. (WR: warm-rolling; sub-boundary [16], gradient structure [7,18], nanocrystalline [62,63], multi-phase [17], precipitation [5,21,23,24,25], alloying element [4,29,31,33,34], cold rolling + recovery annealing [6,14,44,45], warm rolling [13,39,42,55]). 
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Table 1. Various parameters related to precipitation strengthening of TWIP steels reported from previous works. (HR: hot-rolling, CR: cold-rolling).
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Composition of Materials (wt.%)

	
Precipitation Condition

	
Precipitate Type

	
Precipitate Size (nm)

	
Volume Fraction of Precipitate (%)

	
Grain Size (μm)

	
ΔYS (MPa)

	
Reference






	
Fe-21.6Mn-0.63C-0.87V

	
CR + Annealing (850 °C, 60 s)

	
V4C3

	
13 ± 7.7

	
0.541

	
1.2

	
200

	
Yen et al., 2012 [20]




	
Fe-17Mn-0.45-1.5Al-1Si-0.3V

	
HR

	
VC

	
8

	
0.05

	
5.8

	
128

	
Gwon et al., 2017 [21]




	
Fe-16Mn-0.8C-0.5Si-0.5Si-0.5V

	
CR + Annealing (850 °C, 60 s)

	
VC/Fe3C

	
31.91

	
0.811

	
1.6

	
140

	
Kwon et al., 2019 [5]




	
Fe-22Mn-0.6C-0.1Ti

	
CR + Annealing (740 °C, 120 s)

	
TiC

	
3.8

	
0.0341

	
1.6

	
138

	
Scott et al., 2011 [19]




	
Fe-17Mn-0.9C-1.1V

	
CR + Annealing (825 °C, 120 s)

	
V(C, N)

	
6.2

	
0.74

	
1.6

	
247




	
Fe-22Mn-0.6C-0.21V

	
CR + Annealing (800 °C, 180 s)

	
V(C, N)

	
7

	
0.19

	
1.9

	
137




	
Fe-18Mn-0.6C-0.31Nb

	
CR + Annealing (750 °C, 120 s)

	
NbC

	
-

	
0.347

	
2.3

	
58




	
Fe-18Mn-0.6C-0.31Nb

	
CR + Annealing (800 °C, 180 s)

	
NbC

	
72

	
0.322

	
2.5

	
15




	
Fe-18Mn-0.6C-2Al-0.05Nb

	
HR

	
NbC

	
a few tens of nanometers

	
-

	
11

	
448

	
Kwon et al., 2017 [22]




	
Fe-18Mn-0.6C-1.5Al-0.1Nb

	
HR

	
NbC

	
-

	
-

	
-

	
278

	
Kang et al., 2012 [23]




	
Fe-25Mn-0.1C-3Si-3Al-0.35Nb

	
CR + Annealing (1000/800 °C, 180 s)

	
NbC

	
-

	
-

	
-

	
125

	
Li et al., 2015 [24]




	
Fe-17Mn-0.6C-1.5Al-0.05Nb

	
CR + Annealing (650 °C, 100 s)

	
NbC

	
-

	
-

	
1~5

	
140

	
Gwon et al., 2018 [25]
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