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Abstract

:

Ferritic–martensitic dual-phase (DP) steels are prominent and advanced high-strength steels (AHSS) broadly employed in automotive industries. Hence, extensive study is conducted regarding the relationship between the microstructure and mechanical properties of DP steels due to the high importance of DP steels in these industries. In this respect, this paper was aimed at reviewing the microstructural characteristics and strengthening mechanisms of DP steels. This review article represents that the main microstructural characteristics of DP steels include the ferrite grain size (FGS), martensite volume fraction (MVF), and martensite morphology (MM), which play a key role in the strengthening mechanisms and mechanical properties. In other words, these can act as strengthening factors, which were separately considered in this paper. Thus, the properties of DP steels are intensely governed by focusing on these characteristics (i.e., FGS, MVF, and MM). This review article addressed the improvement techniques of strengthening mechanisms and the effects of hardening factors on mechanical properties. The relevant techniques were also made up of several processing routes, e.g., thermal cycling, cold rolling, hot rolling, etc., that could make a great strength–ductility balance. Lastly, this review paper could provide substantial assistance to researchers and automotive engineers for DP steel manufacturing with excellent properties. Hence, researchers and automotive engineers are also able to design automobiles using DP steels that possess the lowest fuel consumption and prevent accidents that result from premature mechanical failures.
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1. Introduction


Nowadays, famous steels referred to as advanced high-strength steel (AHSS) are highly regarded [1,2,3,4,5,6,7]. These steels have a superior balance of strength and ductility, resulting in the broad application of these steels in automotive industries [8,9,10,11]. The weight of automobiles made using these steels is dramatically reduced; thus, fuel consumption can be minimized [12,13,14,15,16,17]. According to Figure 1, AHSSs are categorized into three important groups: first generation, second generation, and third generation [8]. The members of the first generation are composed of dual-phase (DP) steels, complex phase (CP) steels, transformation-induced plasticity (TRIP) steels, and martensitic (MART) steels, while second-generation members are composed of austenitic stainless steels, lightweight steels with induced plasticity (L-IP), and twinning-induced plasticity (TWIP) steels, and finally, third-generation members are composed of medium manganese (Mn) TRIP steels, quenching and partitioning (Q&P) steels, and carbide-free bainitic (CFB) steels [8].



One of the well-known and outstanding members of AHSSs is DP steel [8,12,18,19,20]. Although DP steels are placed in the first generation of AHSSs, as shown in Figure 1 [8], extensive research is still being conducted regarding AHSSs [21,22,23,24,25]. The behavior of DP steels has exhibited that these steels are significantly competitive with newer generations of AHSSs (i.e., second and third generation) [1,2,13,26]. The microstructure of DP steels consists of the ferrite phase (matrix) and martensite phase (islands dispersed in the matrix) [27,28,29]. Accordingly, these steels can also be considered as a composite [13,30,31,32]; hence, the ferrite and martensite phases play the role of matrix and reinforcement, respectively [13,30,33,34]. In DP steels, similar to composites, the interface between these two phases is also important and strongly affects the properties of the steel. Due to the presence of high dislocation density within ferrite close to the interface of the ferrite/martensite and a deformation incompatibility between ferrite and martensite, there is great attention to the deformation behavior of DP steel [35,36,37]. Due to the microstructure, desirable mechanical properties such as high strength, appropriate ductility, good formability, high strain hardening rate, great strength–ductility balance, high crash resistance, very good fracture toughness, and excellent weldability are obtained [13,38,39,40,41,42,43,44,45,46]. The microstructural characteristics affect the behavior of ferritic–martensitic DP steels, such as mechanical performance, bake hardenability, weldability, corrosion, and wear properties [12,41,47,48,49,50,51]. The main microstructural characteristics of these steels are ferrite grain size (FGS), martensite volume fraction (MVF), and martensite morphology (MM). The range of strength and ductility of DP steels can be extended as compared to other generations of AHSSs via the change of these microstructural characteristics [12,30,52]. Accordingly, high strength and excellent ductility can be maintained simultaneously. Consequently, lower thicknesses of DP steels can be utilized to manufacture automotive components, which will have a remarkable effect on the automotive’s weight loss and therefore fuel consumption [38,53,54]. In DP steel, the microstructural characteristics can be focused on to improve the strength [12,30,52].



It is worth noting that texture formation in DP steels is an important issue due to impressing formability that should be considered [4,5,51]. Yuan et al. [5] worked on the effect of temperature of warm rolling on the texture in DP steels. Their result exhibited that a predominant  γ -fiber and a weak  α -texture were developed in ferrite during warm rolling [5]. Moreover, during annealing of the rolled steel, the intensity of  γ -fiber was enhanced and a weak texture of {001}<100> was developed in the rolled steel at room temperature [5]. In this respect, their result depicted that the strength of the undesirable texture of {001}<110> in the annealed steel firstly decreased and subsequently increased by enhancing the rolling temperature [5]. Furthermore, the strength could attain a maximum level at a rolling temperature of 550 °C by enhancement of the carbon dissolved in the ferrite arising from the carbide dissolution [5]. However, the intensity of the  γ -fiber continued to be relatively greater when it was supposed to be the weaker {001}<110> component in the annealed steel rolled at a temperature of 450 °C [5]. Consequently, they described that a higher texture factor (i.e.,      f  γ − f i b e r      f   (  α − f i b e r + λ − f i b e r  )       ) is predominant under this process [5]. Khosravani et al. [51] evaluated the texture of bake-hardened DP steels. Their result revealed that all ferrite textures illustrate the components of  α -fiber,  β -fiber, and a cube [51]. In addition, the strongest texture component could change from the component of {001}110  α -fiber to the component of {111}110  β -fiber through performing cold working [51]. However, the differences in texture between steels were less significant [51]. Kalashami et al. [4] demonstrated that an increment of niobium content led to an increase in the intensity of the components of {111} fiber, which is beneficial to the drawability of DP steels [4]. This review article eventually presents the microstructural characteristics of DP steels, the strengthening induced by them (i.e., FGS, MVF, and MM characteristics), the improvement techniques of hardening mechanisms, and their relationship with the mechanical behavior in DP steels.




2. Microstructural Characteristics of DP Steels


In DP steels, there are two phases of ferrite and martensite. The ferrite is the matrix, and the martensite phase is formed as a secondary phase inside the ferrite matrix, as shown in Figure 2. These two phases make key microstructural characteristics of FGS, MVF, and MM. Transmission electron microscopy (TEM) and electron backscatter diffraction (EBSD) studies have proven that there are a high number of dislocations inside the ferrite matrix close to the ferrite/martensite interface [55,56,57,58,59]. These dislocations are called geometrically necessary dislocations (GNDs). Based on Figure 2a,b, GNDs can be observed in the mentioned region [55,60]. Concerning Figure 2c,d, the lowest kernel average misorientation (KAM) belongs to the ferrite phase, marked by blue color. While the highest KAM belongs to the martensite regions, as marked by red color [58,61]. Figure 2c,d also indicate that the amount of misorientation/orientation gradient is high in the ferrite adjacent to the ferrite/martensite interface as compared with other regions that confirm the presence of GNDs in this region with large KAM [58,61]. It should be noted that these GNDs are mobile and play a key role when combined with residual stresses obtained by martensitic transformation for the behavior of yielding and initial flow [58]. It has been found that the reason for the continuous yielding behavior of DP steels refers to the presence of moving dislocations within the ferrite phase caused by the transformation of austenite to martensite [58]. Meanwhile, a fraction of the retained austenite in the microstructure depends on the steel’s heat treatment conditions (e.g., quenching temperature and quenching medium) and chemical composition, as seen in Figure 2e,f [62]. Because the retained austenite is unstable, the mechanical properties can be affected when its fraction is noticeable [63]. The retained austenite is transformed to martensite, similar to TRIP steels during tensile loading [8,64].



Another microstructural characteristic of DP steels is related to the presence of twins, as displayed in Figure 3 [65,66]. There are twins inside the martensite adjacent to ferrite, resulting from the shear deformation of austenite with a high shear strain rate. These are shown in Figure 3a–d [65,66]. Figure 3d corresponds to the selected area electron diffraction (SAED) pattern of Figure 3c, which confirms the existence of twins within martensite [66]. Twins can also be formed in the ferrite/martensite interface and develop into ferrite where there is a high dislocation density [67]. The deformation twins in the body-centered cubic (BCC) structure are formed at low temperatures or high strain rates [67,68]. The velocity of austenite to martensite transformation is so high and is accompanied by high volumetric expansion. The strain rate that austenite endures during this transformation is very great as well [67]. Hence, it is anticipated that the ferrite phase also tolerates a very high strain rate via martensitic transformation and accommodates strain resulting from it through the deformation twins instead of dislocations sliding [67]. The relationship between the mean velocity of dislocations movement v and applied shear stress on the slip systems for deformation via dislocations sliding is determined according to Equation (1) [67,68]:


  v =    (  τ /  τ 0   )   m   



(1)




where    τ 0    and m are constants. Moreover, the correlation of the strain rate and mean velocity of dislocations movement is based on Equation (2) [67,68]:


   γ ˙  =  ρ m  b v  



(2)




where   γ ˙  ,    ρ m   , and b belong to the shear strain rate, the density of mobile dislocations, and the Burgers vector of dislocation, respectively. Equation (3) can be driven by the combination of Equations (1) and (2) [67,68]:


   γ ˙  =  ρ m  b    (  τ /  τ 0   )   m   



(3)







Equation (3) describes that a high density of mobile dislocations or high shear stress can cause a high strain rate. There is a low density of mobile dislocations inside the ferrite phase before the austenite to martensite transformation [67]. Accordingly, the ferrite phase cannot accommodate this high strain rate, owing to martensitic transformation via dislocations sliding, providing the deformation through the twins. Consequently, the twins can be formed within the ferrite [67].




3. The Strengthening Mechanisms of the DP Steels


The strengthening mechanisms in the materials are different. These mechanisms can result from strain hardening, grain refinement (grain boundaries), work hardening, solid solution, precipitation hardening, martensitic transformation, formation of strong texture, and interactions of the point defects with dislocations [68,69]. In DP steels, regarding their microstructural characteristics (Figure 2), four strengthening mechanisms of strain hardening, grain refinement, martensitic, and solid solution can be considered [1,42,43,47,52]. In addition, MM characteristics significantly affect the strengthening of DP steels [42,52,70]. It is evident that two phases of ferrite and austenite in the intercritical zone (α + γ) were formed for producing DP steels at first [71]. Then, the austenite phase was transformed to the martensite phase via quenching [1,38,72]. The ferrite phase experiences a plastic strain with the occurrence of the martensitic transformation. Martensitic transformation is accompanied by an increase in volume, and a remarkable volumetric expansion takes place [35,73]. Therefore, the ferrite phase that is around the austenite phase is subjected to the plastic strain produced by martensitic transformation. Consequently, a high density of dislocations is generated in the ferrite phase close to the ferrite/martensitic interface [35,73]. This expresses a strengthening caused by the strain hardening in ferrite. Equation (4) declares the correlation of strain induced by austenite to martensite transformation (i.e., martensitic transformation) with relevant volume increment/volumetric expansion [35]:


   ε  A → M   =  (      δ / 3    0   0     0    δ / 3    0     0   0    δ / 3      )   



(4)




where    ε  A → M     and  δ  are the plastic strain generated by the transformation of austenite to martensite and volumetric expansion (or volume enhancement) corresponding to the martensitic transformation, respectively. Equation (4) verifies that an increase in volumetric expansion caused by the martensite formation increases the relevant plastic strain generated, causing an increase in the plastic strain experienced by the ferrite phase [35]. The density of the generated GNDs was calculated via EBSD using Equation (5) [58,73]:


   ρ  GND   = 2 ϑ / u b  



(5)




where    ρ  GND    ,  ϑ ,  u , and b are the density of GNDs, misorientation angle, the unit length, and the magnitude of the Burgers vector, respectively.  ϑ  is determined by KAM values related to EBSD data.  ϑ  is also influenced by the volumetric expansion corresponding to the transformation of austenite to martensite. In other words, the strain generated by martensitic transformation, based on Equation (6) [35,58,73]:


  ϑ ∝  ε  A → M   ∝ δ  



(6)







It is known that  ϑ  increases by an increase in  δ  and    ε  A → M     in Equation (6). So, according to Equation (5),    ρ  GND     will increase. The density of the ferrite grain boundaries and the number of the source of dislocations are increased via the reduction of FGS, i.e., ferrite grain refinement [48,53,74,75,76]. Another important point is that a decrease in FGS affects the density and area of the ferrite/martensite interface [48,53,74,75,76]. Moreover, the total strain experienced by the ferrite phase during the transformation of austenite to martensite and the density of produced dislocations within it will be affected by this area [35,48,73]. This describes the strengthening of DP steel as a result of FGS reduction. On the other hand, the martensite phase will be formed by the occurrence of martensitic transformation. Concerning Equation (7), this hard phase is made up of several strengthening mechanisms [69]: a supersaturated solid solution caused by the dissolution of carbon in the structure of the body-centered tetragonal (BCT), grain refinement due to a high density of boundaries of twins, packets and blocks, and strain hardening caused by a high density of dislocations [69]:


   σ y  =  σ i  + K  c  +  K y   d  − 1 / 2   + α G b  ρ   



(7)




where    σ y   ,    σ i   ,  K ,  c ,    K y   ,  d ,  α ,  G , b, and  ρ  are the yield strength, the lattice resistance to the dislocations movement, constant, the concentration of dissolved atom, the locking parameter, the packet size, constant, shear modulus, the Burgers vector, and dislocations density, respectively. It should be noted that the concentration of the solute carbon in the martensite phase plays a dominant role in the hardness and strength of this phase [12,73]. As mentioned earlier, this issue illustrates the strengthening related to the martensitic structure [38,65,69], where the MVF significantly contributes to the strengthening of DP steel [77,78,79]. This can be attributed to the density and area of the ferrite/martensite interface, the level of strain applied to ferrite during the transformation of austenite to martensite, the density of dislocations created inside the ferrite, and the concentration of carbon dissolved in the martensite [13,38,58,80]. This implies that an increase in MVF has a significant role in strengthening DP steel. The MM is another factor that has a considerable effect on the strengthening of DP steel. The martensite phase can have various morphologies that the interface area between them and the ferrite phase is completely different [42,52,66,81]. Consequently, different plastic strains are applied to ferrite during martensitic transformation, and there will naturally be various densities of dislocations within it [42,52,66,81,82]. This represents the strengthening of DP steel in connection with MM. It is important to say that when the nucleation of austenite (i.e., martensite) begins and grows beside the ferrite phase, the ferrite grain boundaries are pinned through this. Therefore, austenite/martensite can immobilize the ferrite grain boundaries. This indicates the pinning effect of the ferrite grain boundaries induced by the formed martensite [12,13,38,83]. This behavior is expected since the secondary phase leads to such a phenomenon in composites and age-hardened alloys. The pinning effect of the ferrite grain boundaries will improve via an increase in the density and area of the ferrite/martensite interface [38,43,83]. In general, three key characteristics of FGS, MVF, and MM govern the mechanical properties of DP steels, since they play a prevailing role in the strengthening of DP steels [48,52,84]. It was confirmed that a relation can be proposed in which the final strength of DP steel is the sum of the contribution of each of these strengthening factors. This relation is in the form of Equation (8) [38,42,48,52,53]:


  ∆  σ  DP   Steel   = ∆  σ  FGS   + ∆  σ  MVF   + ∆  σ  MM    



(8)




where   ∆  σ  DP   Steel     is the final strength of DP steel. The terms   ∆  σ  FGS    ,   ∆  σ  MVF    , and   ∆  σ  MM     are also FGS, MVF, and MM strengthening, respectively. The contribution of corresponding terms to the strengthening factors varies depending on the condition of DP steel. Thus, these terms compete with each other and determine the final properties of DP steels. In one case, one strengthening factor may become dominant, and in another case, two or three strengthening factors may be activated simultaneously. These factors will be discussed in detail.




4. The Role of FGS, MVF, and MM on Strengthening of DP Steels


In this section, firstly, the contribution of the microstructural characteristics regarding the strengthening of DP steels is evaluated. Then, the promotion techniques of these mechanisms will be pointed out in detail. As discussed, FGS, MVF, and MM are the main microstructural characteristics of DP steels. These can develop independent strengthening factors such as FGS, MVF, and MM strengthening. It should be mentioned that in DP steels similar to the composites, the final strength is controlled by limiting the plastic deformation of the matrix (i.e., ferrite) and increasing its strength through reinforcement (i.e., martensite) [30,38]. The strengthening mechanisms induced by microstructural characteristics are presented in the following sections.



4.1. FGS Contribution on the Strengthening


The ferrite phase plays the role of the matrix in DP steels [1]. Accordingly, FGS has a substantial impact on the strength of the matrix and DP steels [43]. The density and area of the ferrite grain boundaries increase via FGS reduction. Grain boundaries are operative obstacles to the movement and sliding of dislocations to stop and store them [48,68,69,85]. A decrease in FGS also increases the number of the source of dislocations [48,68,69]. On the one hand, a decrease in the FGS increases the density and area of the ferrite/martensite interface, which has two important effects: first, more total plastic strain via the occurrence of martensitic transformation is applied to the ferritic matrix, causing an increase in the density of dislocations produced within it close to the ferrite/martensite interface, concerning Equations (5) and (6) [35,43,48,76]. Hence, concerning Equation (9), it can be described that the area/density of the ferrite/martensite interface is directly proportional to the volumetric expansion and strain obtained by austenite to martensite transformation (i.e., martensitic transformation) [35]:


   A  F / M   &    ρ  F / M   ∝  ε  A → M   ∝ δ  



(9)




where    A  F / M     and    ρ  F / M     are the interface area of ferrite/martensite and density of the ferrite/martensite interface, respectively. Second, the pinning effect of the ferrite grain boundaries is likely intensified [48,83]. On the other hand, a reduction of FGS decreases the mean free path of ferrite and the martensite size [42,48,73]. Furthermore, martensite distribution becomes more uniform [48]. As a result, reducing FGS makes a restriction in the plastic deformation of ferrite and its strength improves, resulting in an increase in the strength and strain hardening of DP steels [30,38,48]. Equation (10) expresses that the contribution of FGS strengthening is inversely proportional to FGS (   d F   ) [38,42,48,53]:


  ∆  σ  FGS   ∝ 1 /  d F   



(10)







The Equations (11) and (12) are also related to the effect of FGS on the strength of a DP steel. These equations confirm an increase in both yield strength (YS) and ultimate tensile strength (UTS), with a decrease in FGS value [35]. According to Equation (13), the renowned Hall–Petch relation is also an expression for improved strength via decreasing grain size (d) [68,69]:


  YS    (  MPa  )  = 406.99 + 3.98 ×  d α  − 1 / 2    



(11)






  UTS    (  MPa  )  = 794.14 + 8.39 ×  d α  − 1 / 2    



(12)






   σ y  =  σ i  +  K y  ×  d  − 1 / 2          ( Hall – Petch   relation )  



(13)







Moreover, Equations (14) and (15) declare that the dislocation density  ρ  possesses an inverse relationship with FGS and a direct relationship with the strength, respectively [68,69]:


  ρ = 1 /  d F   



(14)






   σ y  =  σ i  + α G b  ρ   



(15)







Therefore, Equations (14) and (15) illustrate the increment of strength via FGS reduction. It was described that the back stresses applied by martensite islands and smaller FGS also contribute to the improvement of strain hardenability [48]. There are a variety of techniques to decrease FGS and improve the FGS role in the strengthening of DP steels. Several vital processing routes of reducing FGS will be noted to create fine-grained (FG) and ultrafine-grained (UFG) ferrite, which are presented in the following sections.



(1) The repetition of thermal cycling during intercritical annealing: In this processing route, intercritical annealing treatment is repeated as shown in Figure 4a. This leads to a reduction in FGS [86]. On the other hand, when DP steel includes a banded microstructure, the repetition of thermal cycling during intercritical annealing could modify the microstructure, so that this process will decrease the band spacing in addition to ferrite grain refinement. Such microstructural evolution is beneficial to the mechanical property [86]. It is worth noting that intercritical annealing treatment represents annealing at the α + γ region and then quenching to room temperature. They are further reduced by increasing the number of cycles. The mechanism of this processing route is related to the complex structure of martensite that has the laths (including the martensite crystals with a high density of lattice imperfections), the blocks (including a set of laths with similar crystallographic relationships), and the packets (including a set of blocks with similar habit planes), as seen in Figure 4b [3]. Approximately 83% of the boundaries of block and packet are a high angle [3,86,87,88]. Initially, the primary microstructure is ferritic–martensitic. Then, a finer ferrite in DP steel is formed by intercritical annealing treatment. During annealing, new austenite and ferrite grains are formed on the prior austenite grain boundaries (PAGB) and also on the boundaries of the packets and blocks. Because the density of nucleation sites is high, the nucleation rate also increases, and finer martensite and ferrite are formed. As a consequence, UFG ferrite can be achieved for DP steel through an increase in the number of cycles [86]. It is noted that, after a specific cycle, the formed martensite is fine enough. So, the new ferrite and austenite grains cannot be formed on the boundaries of the packet and block, and they are only created on the prior austenite grain boundaries. This means that grain refinement and reduced band spacing are saturated [86].



(2) Cold rolling of a martensitic steel, followed by intercritical annealing: In this processing route, the martensitic steel is cold rolled and then undergoes intercritical annealing treatment. As can be seen in Figure 5a, the steel microstructure is primarily quite martensitic, and cold rolling is performed. Then, UFG ferrite will be formed by intercritical annealing treatment. In fact, two mechanisms of grain subdivision and continuous recrystallization are considered [86]. The mechanism of grain subdivision can include the subdivision caused by martensitic transformation and the subdivision caused by the creation of dislocation cell blocks during the cold rolling. During annealing, dislocation cell blocks are transformed into UFG ferrite [86]. Nearly 83% of the block and packet boundaries are high angles, which are effective obstacles to the movement of the dislocations. On the other hand, martensite has supersaturated carbon, preventing their movement [86]. Accordingly, the formation of dislocation cells and cell blocks with a high density of dislocations is accelerated and facilitated during cold rolling. This describes the mechanism of grain subdivision. Another mechanism that is activated during annealing is continuous recrystallization [86]. In this mechanism, at first, the lamellar structure of martensite collapses, which corresponds to the surface tension. Then, spheroidization occurs, which is associated with the boundary tension. Finally, spheroidization continues and grain growth may also occur [86]. This mechanism is shown in Figure 5b [85]. It is vital to note that nano-sized carbides also precipitate during annealing, which prevents grain growth. In this way, a DP steel with UFG ferrite is developed by intercritical annealing treatment after cold rolling [86].



(3) Cold rolling of a martensitic steel, followed by subcritical and intercritical annealing: In this process, after subcritical annealing of the cold-rolled martensitic steel below A1 temperature, intercritical annealing treatment is applied. Concerning Figure 5c, firstly, the initial microstructure is quite martensitic. Then, cold rolling and subcritical annealing below A1 temperature form a microstructure consisting of UFG ferrite, small tempered blocks of martensite, and nano-sized carbides based on the mechanisms discussed in processing route two [86]. These carbides are effective barriers to grain growth [86]. Eventually, a DP steel that includes UFG ferrite is developed by intercritical annealing treatment [86].



(4) Cold rolling of a DP steel, followed by intercritical annealing: As shown in Figure 5d, by cold rolling of a DP steel, both ferrite and martensite phases are elongated in the rolling direction, and a high density of dislocations is also generated. This provides the condition for recrystallization. It should be noted that the ferrite phase tolerates more plastic strain as compared to the martensite phase. This strain distribution between phases affects the final grain refinement [89,90,91]. The reason is that the martensite hard phase is at the vicinity of the soft ferrite phase, and the ferrite incurs the back stress from the martensite. This results in an increase in the stored energy in the ferrite during cold-rolling [89,90,91]. Generally, the remarkable plastic strain causes the deformation of both ferrite and martensite phases during the cold rolling. Accordingly, the deformed ferrite and martensite have an important role and contribution in grain refinement through ferrite recrystallization or reversion of martensite [89,90,91]. Finally, ferrite recrystallization takes place via intercritical annealing treatment, leading to the formation of UFG ferrite in DP steel [89,90,91].



(5) Cold rolling of a DP steel, followed by subcritical and intercritical annealing: In this cycle, cold-rolled DP steel undergoes subcritical annealing (below A1 temperature) and then it experiences intercritical annealing treatment. This process is similar to processing route four until the cold-rolling stage of Figure 5e. By subcritical annealing, ferrite grain refinement occurs, which is due to the continuous recrystallization of martensite. Moreover, coarse-grained (CG) ferrite may be formed as a consequence of the primary recrystallization. Thus, a microstructure with bimodal distribution is achieved [92]. Finally, a DP steel with UFG ferrite is formed via intercritical annealing treatment [92].



(6) Hot deformation at the top and bottom of the pearlite final temperature (   P f   ): The steel is initially deformed at the  γ  zone and is then deformed at the top and bottom of    P f   , as well as subsequent annealing at the relevant deformation temperature and slow cooling to the desired temperature, followed by intercritical annealing treatment. Based on Figure 5f, the microstructure will include fine polygonal ferrite with fine pearlite and globular cementite via hot deformation above    P f   . However, concerning Figure 5g, through hot deformation below    P f   , recovery and grain subdivision mechanisms cause the formation of the deformed ferrite grains. The lamellae of cementite in the pearlite colonies are fragmented and are spheroidized as well. Thus, a fine distribution of globular cementite is obtained in the ferrite grain boundaries. It is noted that after hot deformation, annealing is performed at the relevant deformation temperature [48]. Eventually, a DP steel will be developed, consisting of FG ferrite and UFG ferrite via intercrtical annealing treatment after the routes of Figure 5f,g, respectively.



(7) Hot rolling of a ferritic–pearlitic steel, followed by intercritical annealing: In this process, the steel is treated (hot-rolled) at a temperature below A1 and then subjected to intercritical annealing treatment. Concerning Figure 5h, hot rolling leads to the formation of elongated ferrite and pearlite with intergranular nano-sized spheroidized carbides. These carbides can impede the ferrite grain growth. On the other hand, continuous recrystallization and grain subdivision can also occur. In this way, ferrite grains become smaller. Ferrite grain refinement improves with an increment in the rolling reduction, owing to an increased fraction of nano-sized carbides and a higher degree of continuous recrystallization and grain subdivision. It was also stated that the thickness of the ferrite layers decreases with an increase in the rolling reduction [93]. Thus, a DP steel with FG ferrite will be generated by intercritical annealing treatment. It seems that an increase in MVF is also effective on grain refinement with increasing rolling reduction [93].



(8) Primary hot rolling, followed by intercritical annealing as well as secondary hot rolling: In this heat-treatment cycle, the steel is treated (hot-rolled) at a temperature above A3, then quenched to room temperature, followed by annealing at the   α + γ   zone and hot rolling along with quenching to room temperature. Regarding Figure 6a, martensite with a lamella structure is formed in step one. In step two, at first, ferrite and austenite are formed with layered morphology. Then, quenching is performed to a certain temperature below A1, and UFG ferrite and lamella martensite are created through hot rolling at this temperature [30]. Finally, a DP steel including such a microstructure will be obtained by cooling to room temperature [30]. In this processing route, the formed lamella martensite also induces a secondary strengthening mechanism that is caused by the MM characteristic [30].



(9) Cold rolling of a ferritic–pearlitic steel, followed by intercritical annealing: The steel is cold rolled in this processing route and subsequently subjected to intercritical annealing treatment. According to Figure 6b, firstly, cold rolling causes the creation of elongated ferrite and pearlite in the rolling direction, providing the condition for ferrite recrystallization. Then, UFG ferrite in DP steel is formed by intercritical annealing treatment [94].



(10) Cold rolling of a ferritic–pearlitic steel, followed by subcritical and intercritical annealing: The steel is cold rolled in this heat-treatment cycle, experiences subcritical annealing below A1 temperature, and undergoes intercritical annealing treatment. As observed in Figure 6c, initially, cold rolling causes the formation of a microstructure consisting of deformed ferrite and pearlite. Then, UFG ferrite and nanoscale cementite are created via subcritical annealing. The created UFG ferrite is due to recrystallization [38]. Ultimately, after intercritical annealing treatment, a DP steel including UFG ferrite is obtained [38].



(11) Hot rolling at the   α + γ   zone: The steel is hot rolled in this heat-treatment cycle at the intercritical zone of   α + γ   and then quenched in the desired medium. As illustrated in Figure 6d, hot rolling at the   α + γ   zone causes the formation of elongated austenite and ferrite. In this case, not only is the specific area of the grains corresponding to both phases enhanced, but a substructure is also developed within the ferrite. This process finally leads to a ferrite grain refinement that likely results from mechanisms such as grain subdivision and recrystallization [86,95]. After quenching, a DP steel consisting of FG or UFG ferrite will also be produced [86,95].



(12) Hot rolling at    T  n r     of austenite, followed by intercritical annealing: The steel is hot rolled in this heat-treatment cycle at the non-recrystallization temperature (   T  n r    ) range of austenite and subsequently experiences intercritical annealing treatment. Thus, the austenite grains are elongated and pancaked as a result of hot rolling below    T  n r     of austenite, as shown in Figure 6e. Moreover, the specific area of grains is increased, and a deformed structure is created within them. This leads to a higher density of nucleation sites for ferrite and an acceleration of its nucleation rate inside the austenite and at the austenite grain boundaries [86]. Finally, with intercritical annealing treatment, a DP steel is developed with FG or UFG ferrite [86].



(13) Deformation-induced ferrite transformation (DIFT): This heat-treatment cycle corresponds to the changes in the distribution of dislocations, diffusion of the solute atoms, the occurrence of phase transformation, and the development of grain boundaries [96,97]. As seen in Figure 6f, a severe plastic deformation (SPD) close to A3 temperature (roughly 25 to 100 °C above A3) is accomplished to initiate DIFT. In this condition, phase transformation is more dominant than the austenite recrystallization resulting from favorable and feasible nucleation for ferrite via deformation. Noticeable undercooling below A3 temperature causes an increment in the driving force for the ferrite nucleation and UFG ferrite is formed [96]. Deformation above A3 temperature leads to an increase in the free energy and the transformation temperature of austenite to ferrite is also increaed. In this condition, austenite to ferrite transformation and ferrite nucleation are dynamically performed. This means that they occur during the austenite deformation, not after its deformation [96,97]. Heavy deformation results in increasing austenite free energy. Accordingly, the metastable austenite is converted into the unstable austenite and DIFT is complete [96]. The level of strain applied is so important. It was reported that a relatively high strain level is necessary for ferrite grain refinement. Most of the CG ferrite is converted into the FG ferrite, resulting from an increase in the density of nucleation sites for ferrite [96]. So, at low strain levels, the density of the nucleation sites is lower and CG ferrite is created [96]. Another key point is that changes in the prior austenite grain sizes also alter A3 temperature, affecting the deformation temperature during DIFT [96]. Larger prior austenite grain sizes (produced by a high austenitization temperature) lead to a delay in ferrite formation. However, by its reduction, deformation-induced ferrite develops more uniformly in the austenite grains owing to deformation [96]. For this reason, more DIFT will be accomplished, resulting in finer austenite grains and more austenite grain boundaries [96]. Lastly, as DIFT is carried out, a DP steel with UFG ferrite is obtained through quenching [96].



(14) High heating rates during intercritical annealing treatment: It was confirmed that high heating rates during intercritical annealing treatment play a significant role in ferrite grain refinement [98]. High heating rates delay recovery and recrystallization processes, resulting in the annihilation of high stored energy, dislocations, and point imperfections. On the other hand, high heating rates accelerate the kinetics of ferrite recrystallization, austenite formation, and their spatial distribution and morphology [98]. Meanwhile, the enhanced heating rate increases the superheating. This causes an increase in the nucleation rate and the grain growth rate of the austenite in the   α + γ   zone simultaneously. However, it is noteworthy that the nucleation rate is greater than the grain growth rate, causing grain refinement [98]. At a low heating rate, firstly, as heating is performed in cold-rolled steel up to the   α + γ   zone, ferrite recrystallization is completed. Then, the austenite nucleation occurs in the grain boundaries of the recrystallized ferrite, and a network of the austenitic phase, due to the grain growth of the austenite, is developed along the ferrite grain boundaries [98]. At a moderate heating rate, when the austenite nucleation starts, the volume fraction of non-recrystallized ferrite increases. Carbon atoms are also distributed along the grain boundaries of the deformed ferrite. Austenite nucleation occurs in carbon-rich regions, arising from the lower Gibbs free energy in them. Thus, austenite nucleation is mostly initiated in the grain boundaries of non-recrystallized ferrite. In this case, the austenite nucleation rate is higher than the ferrite nucleation rate, and a banded microstructure is developed in DP steel [98]. The banded microstructures in DP steels are detrimental to the mechanical properties [31,98]. Ramazani et al. [31] examined the correlation of martensite banding with the failure initiation in DP steel [31]. Their result exhibited that the major mechanism of the failure initiation is martensite cracking in the equiaxed and banded microstructures of DP steels [31]. They showed that the failure initiation could occur in the lower plastic strain for the banded microstructure as compared to the equiaxed microstructure [31]. Consequently, the banded microstructure in DP steels leads to a drop in the failure behavior, and its formation should be prevented. The equiaxed microstructure in DP steels causes the improved failure behavior [31]. At a high heating rate, the microstructure consists of completely deformed and non-recrystallized ferrite in the   α + γ   region. In this case, there are carbides distributed along the deformed ferrite grain boundaries, leading to an increase in the density of nucleation sites. This also accelerates the growth of austenite at a high sufficient annealing temperature until all deformed ferrite grain boundaries are concealed. Then, at the same time, ferrite recrystallization commences. Finally, ferrite grain refinement takes place [98]. The reason for this can be attributed to the overlap between the austenitization and the ferrite recrystallization processes during annealing [98]. In this way, a DP steel with FG or UFG ferrite is developed [98].



(15) Chemical composition: Chemical composition is one of the significant factors in grain refinement [95,99,100]. It has been confirmed that the silicon element can decrease and increase FGS [28,49]. Nouri et al. [49,50] expressed that increasing the silicon content increased FGS. This more likely resulted from decreasing MVF (this reason will be discussed) and increasing the mobility of ferrite grain boundaries [49,50]. Zhou et al. [28] showed that increasing the silicon content decreased FGS. This could be due to the enhancing nucleation rate of the ferrite phase and the increment of the carbon activity in austenite via increasing the silicon content caused by suppression of the carbide formation, leading to an increase in the driving force for the austenite to ferrite transformation [28]. Consequently, the addition of silicon can cause ferrite grain refinement [28]. Drumond et al. [100] also concluded with the same result. Their result depicted that the addition of silicon speeds up the ferrite recrystallization by producing a greater thermodynamic potential for it during intercritical annealing of cold-rolled steel [100]. Accordingly, silicon could refine FGS [100]. Other studies [2] revealed a refined microstructure via chromium addition. Moreover, carbide, nitride, and carbonitride-producing elements, e.g., niobium, titanium, zirconium, aluminum, molybdenum, nitrogen, and vanadium, can contribute to ferrite grain refinement [2,4,95,101]. Since the precipitations formed by these elements during intercritical annealing treatment result in the pinning of the grain boundaries, their mobility is decreased, which leads to refined FGS [2,95]. It is noted that these precipitations have a tendency to mostly create in the ferrite phase, caused by a greatly lower solubility of the carbides/nitrides in this phase in comparison with their solubility in the austenite phase [2]. Overall, microalloying elements can be very beneficial for this purpose [4,95,101]. It was reported that the addition of niobium in the form of solute atoms and precipitations decreases the mobility of dislocations. This is in connection with the solute drag mechanism. Therefore, the processes of recovery, recrystallization, and growth of the deformed austenite grains are postponed [95]. As a result, the driving force of austenite to ferrite transformation is promoted, and the ferrite nucleation is accelerated. Moreover, niobium can prevent grain growth at the   α + γ   region. Then, a DP steel including FG or UFG ferrite can be obtained with intercritical annealing [95]. It was revealed that the addition of manganese is also effective on the ferrite grain refinement in DP steel. This can be attributed to the grain size stability that is caused by [102]: (a) the reduction of A1 temperature and intercritical annealing temperature, (b) the extension of the triple-phase region of ferrite + austenite + cementite and retardation of the grain growth in this region, (c) refinement of cementite, leading to an increase in the pinning effect of grain boundaries, and (d) the mobility reduction of the grain boundaries as a result of the solute drag mechanism. These have a strong impact on the formation of UFG ferrite.



(16) Increment of MVF: Researchers state that increasing MVF can also play a role in ferrite grain refinement. Martensite as a secondary phase can lock the ferrite grain boundaries [38,53]. Hence, their mobility decreases, causing the suppression of ferrite grain growth and a decrease in FGS. In this way, good grain refinement of ferrite can be achieved with an increase in MVF [38,53]. In all the mentioned processing routes, parameters such as the rolling reduction, the strain rate, the rolling temperature, the annealing temperature, the annealing time, and the heating rate can affect grain refinement. Many SPD techniques, such as friction stir processing, accumulative roll bonding, equal channel angular pressing, could refine grains [75,85,97,103]. Their grain refinement mechanism is mainly related to dynamic recrystallization [75,85,97,103]. The presentation of these processing routes is not authors’ aim. It was shown in a study that the reduction of FGS decreased the hardness and strength of DP steels [104]. As noted, the decrement of FGS increases the density of the ferrite/martensite interface, causing the generation of a high density of dislocations inside the ferrite [104]. Because these are moving and the distance between the regions of martensite is less, the yielding and the arrangement of dislocations for the achievement of necking occur in lower stresses [104]. Consequently, the hardness and strength will decrease [104]. Moreover, FGS decrement is beneficial for impacting the behavior of DP steels [43]. Equation (16) shows that the fracture appearance transition temperature (FATT) is reduced with grain size (D) decrement [86]:


  FATT = A − B /  D   



(16)




where A and B are constants. Moreover, the ductile-to-brittle transition temperature (DBTT) decreases with ferrite grain refinement, as illustrated by Calcagnotto et al. [43]. Accordingly, it is found that reducing FATT and DBTT finally causes an increase in fracture toughness and the impact energy of DP steel [43,86].




4.2. MVF Contribution on the Strengthening


Regarding the MVF effect on strengthening, it can be stated that the martensite phase acts as a reinforcement for the ferritic matrix [1,12,105]. So, MVF can control the strength of the matrix and DP steel [1,13,18,53]. An increment in MVF causes an increase in the density and area of the ferrite/martensite interface. Accordingly, the total plastic strain produced by the martensitic transformation will increase, leading to an increase in the strain tolerated by ferrite. Consequently, this increases the density of dislocations created within the ferrite adjacent to the ferrite/martensite interface, according to Equations (5), (6) and (9), and decreases the mean free path of ferrite [38,42,58,73]. Meanwhile, an increase in MVF locks more grain boundaries and improves the pinning effect of the ferrite grain boundaries [38,53,83]. Ultimately, it can be stated that an increase in MVF leads to an increase in the strength of matrix and DP steel [38,66,73]. Moreover, the strain hardenability of steel can improve [38,73,98,106]. This phenomenon exhibited that the MVF has considerable effect on the strengthening of DP steel. Concerning Equation (17), MVF strengthening is usually directly proportional to the MVF [38,42,53]:


  ∆  σ  MVF   ∝ MVF  



(17)







As a result of Equations (18) [107] and (19) [108], the hardness and strength of DP steels are the functions of MVF. Based on these equations, the hardness and strength are directly proportional to MVF, as follow [107,108]:


   H  F / M   =  H F   V F  +  H M   V M  =  H F  +  (   H M  −  H F   )   V M   



(18)






   σ C  =  σ α   V α  +  σ M   V M  =  σ α  +  (   σ M  −  σ α   )   V M   



(19)




where    H  F / M    ,    H F   ,    H M   ,    σ C   ,    σ α   ,    σ M   ,    V F   , and    V M    are the hardness of DP steel, ferrite hardness, martensite hardness, the strength of DP steel, ferrite strength, martensite strength, the volume fraction of ferrite, and MVF, respectively. It is worthy to note that typically an increase in strength causes a decrease in ductility. However, in some cases, increasing the MVF from an optimal value results in increasing strength and ductility, simultaneously. The increased ductility can be attributed to martensite softening [38,73]. By the increase in the MVF, the concentration of solute carbon in martensite decreases, leading to a decrease in its hardness and strength. In this way, martensite softening reduces the strength of DP steel [38,73]. It is worthy to note that there are various techniques for governing MVF and promoting MVF strengthening, which are presented in the following sections.



(1) The intercritical annealing temperature: a greater volume fraction of austenite is formed in the   α + γ   region by increasing the intercritical annealing temperature, resulting in an increasing MVF [44,47,73,109,110].



(2) The intercritical annealing time: The effect of intercritical annealing time in the   α + γ   zone is similar to that of intercritical annealing temperature. So, increasing the intercritical annealing time commonly increases the MVF [89,111].



(3) Chemical composition: The most momentous effectiveness of alloying elements on DP steels is changing the temperature range of the α + γ zone (i.e., the critical temperatures of A1 and A3) and governing the sensitivity level of the volume fraction of phases to the intercritical annealing temperature [1,2,50,112,113,114]. The carbon content of eutectoid point in the Fe–C phase diagram plays an important role in the volume fraction of phases [13]. During cooling from the dual-phase zone of   α + γ  , the austenite hardenability, fraction of newly formed ferrite, and start temperature of martensitic transformation (Ms) are also the basic factors that are affected by chemical composition [1,2]. The carbon concentration of austenite is the main factor controlling the phase stability during cooling from the intercritical zone, which is noteworthy in two aspects [2]: (a) the carbon concentration of the primary austenite that is specified by the heating variables and the existence of carbide-creating elements and (b) the carbon concentration of the final austenite before transforming into martensite that depends on the fraction of newly transformed ferrite. Alloying elements that promote austenite hardenability and prohibit new ferrite creation could elevate Ms. This is on account of the depleting carbon concentration of the retained austenite [2].



The carbon element considerably affects the critical temperatures of A1 and A3 [1,2,114]. It is said that decreasing the carbon content can result in a decrease in the variation rate of the austenite/martensite fraction [2]. On the other hand, increasing the carbon content of steel also causes an increase in the MVF due to the decreasing temperature of A3 [2,114]. The intercritical temperature range (i.e., the   α + γ   zone) can tremendously increase via silicon and aluminum compared to other alloying elements [2,12,13]. Thus, the variation rate of the austenite fraction/MVF is reduced with the intercritical annealing temperature [2]. The austenite hardenability increases via the increasing silicon content that results from the substantial increment of manganese partitioning between phases of ferrite and austenite/martensite [109]. A1 temperature is increased via increasing the silicon content, and the slope of the solubility line of   γ / α + γ  , i.e., A3 temperature, increases with silicon as well. Thus, the   α + γ   zone becomes more widespread [13]. Increasing the silicon content decreases the carbon content of the eutectoid point [13]. Consequently, in a constant intercritical annealing temperature and time, the formed volume fraction of austenite, i.e., MVF, is reduced by increasing the silicon content [13,49,50]. MS is enhanced by an aluminum addition. This is valid, as quenching is carried out from the upper critical zone [2]. Meanwhile, at lower cooling rates, the creation of new ferrite can be facilitated via increasing the aluminum content. In this way, the carbon concentration of retained austenite will increase, leading to a reduction in Ms [2]. Aluminum will meaningfully increase the temperature of A3. Hence, an increase in aluminum content at a constant intercritical annealing temperature could accelerate new ferrite creation and cause a decrease in the austenite fraction (i.e., MVF) [2]. It was also said that increasing the aluminum content could decrease the size of the martensite islands caused by more fractions of the newly created ferrite and decrease MS for the retained austenite, in addition to the ferrite grain refinement [2]. The new ferrite will be formed via increasing the manganese content at lower temperatures and cooling rates [2]. On the other hand, increasing the manganese content increases the MVF. The reason for this can likely be attributed to the decreasing the temperature of A1 and the carbon content of the eutectoid point [2]. The transformation of austenite to martensite is facilitated by a molybdenum addition at lower cooling rates. Accordingly, ferritic transformation is initiated at lower cooling rates via molybdenum addition, and bainitic transformation is also postponed. As a consequence, molybdenum increases the austenite hardenability, leading to an increase in the MVF [2]. The impact of chromium is similar to that of molybdenum; chromium addition results in the enhancement of austenite hardenability and the delay of ferrite transformation kinetics [2]. It was understood that the boron element could increase the austenite hardenability and increase the MVF, owing to the reduced fraction of the newly formed ferrite [2,9]. Boron can exist in terms of a solid solution and as boron carbide at the grain boundaries, causing retardation in the formation of the ferrite, pearlite, and bainite [9]. It is noteworthy that boron segregation or boron carbide precipitating at the grain boundaries decreases the energy of the grain boundaries, preventing the ferrite nucleation at these places. So, the hardenability is enhanced [9]. In this way, it can be concluded that the MVF could increase via boron addition [9]. Microalloying elements in DP steels can cause precipitation strengthening in addition to grain refinement [2,95]. An increase in the MVF via increased niobium content has also been reported [2,4]. In general, ferrite and austenite stabilizer elements can control the MVF.



(4) The density of nucleation sites for austenite in the   α + γ   zone: The density of suitable sites for austenite nucleation plays an effective role in MVF. A greater volume fraction of austenite is created in the   α + γ   region via increasing the density of these sites. Accordingly, the MVF will be increased [53,93]. The following processing routes can increase the density of these sites: (I) Cold rolling of a ferritic–pearlitic steel, followed by intercritical annealing treatment: With this processing route, similar to processing route 9 and 10 in FGS reduction, an increase in the density of the nucleation sites for austenite is associated with increasing the density of the ferrite/pearlite interface [53]. A fraction of nano-sized carbides located in the recrystallized ferrite grain boundaries are created if subcritical annealing below A1 temperature is carried out [38,53]. These are the most potent nucleation sites for austenite during intercritical annealing [53]. In this way, a high MVF is obtained. Increasing the rolling reduction also increases the nucleation sites of austenite, resulting in an increasing MVF [53]. (II) Hot rolling of a ferritic–pearlitic steel below A1 temperature, followed by intercritical annealing treatment: Hot rolling causes the formation of laminate ferrite and pearlite, as well as the spheroidized carbides located at the ferrite grain boundaries [93]. These carbides are the most potent nucleation sites for austenite. Via intercritical annealing, austenite is created through the dissolution of carbides, and a high MVF is obtained [93]. Increasing the rolling reduction will increase the carbides fraction with a higher degree of spheroidization, number of interface triple junctions, and fast diffusion routes (i.e., grain boundaries). As a consequence, the MVF is enhanced by increasing the rolling reduction [93]. (III) The heating rate during intercritical annealing treatment: It has been revealed that high heating rates during intercritical annealing could increase the MVF [115]. Its cause can be attributed to the prevalence of the austenite growth process over its nucleation process [115].




4.3. MM Contribution on the Strengthening


MM is another momentous factor that affects the strength of the matrix phase and DP steel [42,52,70]. The morphological effects of martensite are intricate, and unlike FGS and MVF, the same trend for them cannot be considered. There are three morphologies for the martensite phase in DP steels, consisting of (I) globular, (II) fine and fibrous, and (III) coarse islands (blocky and banded-shaped) [42,52,70]. These are produced by three different heat treatment cycles that are presented in the following sections.



(1) Intercritical annealing (IA): As can be seen in Figure 7a, in this cycle, the initial microstructure of steel consists of ferrite and pearlite (as normalized). By annealing in the   α + γ   zone, austenite is formed in the ferrite/carbide interface into the pearlite colonies. By dissolution of the carbides, austenite nucleases grow into the carbides. Then, austenite is transformed into the martensite phase via quenching. As a result, the resulting microstructure has the ferrite phase and the martensite phase with the globular and equiaxed morphology [52,70]. This martensite morphology is shown in Figure 7b [38].



(2) Intermediate quenching (IQ): According to Figure 7a, in this cycle, at first, steel is fully austenitized and undergoes quenching. Therefore, the initial microstructure is fully martensitic. Then, steel is intercritically annealed in the   α + γ   zone and both ferrite and austenite phases are created and grow into a needle shape along the lath boundaries of the martensite and PAGBs. Finally, austenite is transformed into martensite by quenching. The ultimate microstructure is also composed of the ferrite phase and martensite phase with the morphology of fine and fibrous [52,70]. This martensite morphology can be seen in Figure 7c [66].



(3) Step quenching (SQ): Based on Figure 7a, in this cycle, firstly, steel is fully austenitized. Then, the annealing temperature is reduced to the   α + γ   region. Thus, ferrite is formed in the PAGBs and grows into them. Finally, steel is subjected to quenching and austenite is transformed into martensite. The final microstructure consists of the ferrite phase and martensite phase with the characteristic of coarse islands (blocky and banded) [3,52,70]. This martensite morphology is shown in Figure 7d [116].



These MMs have different special areas [42,52]. For this reason, there will be various areas of the ferrite/martensite interface, causing different volumetric expansion amounts and strains generated by martensitic transformation [42,52]. Hence, the ferrite phase will experience different plastic strains, and various densities of dislocations will be made inside ferrite [42,52]. Moreover, this can likely be effective in reducing the mean free path and the pinning effect of the grain boundaries of ferrite [42,52]. This expresses the substantial role of MM (size, shape, distribution) on the mechanical behavior of DP steel. It has been concluded that the promotion of MM strengthening is in the order of globular, fibrous, and coarse islands [52]. However, it was reported in another work that the globular morphology causes higher strengthening as compared to the fibrous morphology [116,117]. On the other hand, a completely different conclusion from the aforementioned results was described in another research, so that an increase in MM strengthening was in the order of coarse islands, globular, and fibrous [42,117]. The reason for this trend is related to the microstructure refinement, i.e., the reduction of martensite size, FGS, and the mean free path of ferrite [42]. Accordingly, it cannot be argued with certainty that MM has a great contribution to the strengthening and strengthening corresponding to each of the MM alters, depending on the conditions. Equation (20) indicates that MM strengthening is a function of the martensite shape [42,52]:


  ∆  σ  MM   ∝  β M  .    



(20)




where    β M    is the martensite shape. This contains the geometry and dimensions of martensite.





5. Mechanical Properties of the DP Steels Affected by Strengthening Factors


Microstructural characteristics of the DP steels control the mechanical properties via interference in the strengthening mechanisms [13,52,76,89]. Therefore, it is required to study their effects on mechanical behavior. In this section, some important case studies will be described. Calcagnotto et al. [48] investigated the effect of ferrite refinement on the behavior of DP steels. They created DP steels with CG ferrite (12.4     μ m   ), FG ferrite (2.4     μ m   ), and UFG ferrite (1.2     μ m   ). The tensile properties were reported in Table 1 [48]. It can be said that both yield and ultimate tensile strength are increased by a decrease in FGS. The reason for it corresponds to FGS strengthening. According to Equation (8), two terms of   ∆  σ  MVF     and   ∆  σ  MM     can be ignored and only the term of   ∆  σ  FGS     has a significant role in the strengthening. However, ductility (uniform and total elongation) does not tolerate noticeable changes via the reduction of FGS. This can be attributed to an increase in the primary work hardening rate [48]. The work hardening exponent obtained by the Hollomon relation is presented in Table 1 [48]. The work hardening exponent for CG ferrite is 0.21. However, this is slightly lower for FG and UFG ferrite (i.e., 0.18). The reason for this can be due to slight and inappreciable changes in uniform elongation via ferrite grain refinement [48]. Figure 8a–c demonstrate the fracture surfaces after the tensile test [48]. It can be seen that the fracture surface related to CG ferrite is mainly composed of cleavage characteristics. This is referred to by the martensite cracking caused by its lower toughness, further tolerance of the applied stresses via this phase, and existence of former austenite/austenite grain boundaries. In the fracture surface corresponding to FG ferrite, the dimples fraction is greater than that of cleavage. Moreover, the fracture surface of UFG ferrite mostly includes dimples. The fracture behavior that improved with ferrite grain refinement can be a result of the promotion of martensite plasticity, less possibility of martensite cracking, less endurance of stresses by it due to more ferrite grains, and smaller, more spherical, and more uniform martensite islands. It should be noted that the high density of ferrite grain boundaries via grain refinement is also a very operative barrier to prevent crack propagation. Consequently, a more ductile fracture will be obtained [48].



Gao et al. [93] evaluated the effect of warm rolling and intercritical annealing temperature on the mechanical properties of DP steels (such as processing route seven in Figure 5h). Their results revealed that the MVF increases and FGS decreases with increasing intercritical annealing temperatures from 780–840 °C at a constant rolling reduction. On the other hand, at a constant intercritical annealing temperature, an increment in the rolling reduction from 40% to 60% also leads to an increase in the MVF and a decrease in FGS. Their result also showed that at an identical rolling reduction and increasing intercritical annealing temperature from 780 to 840 °C caused an increase in both yield and ultimate tensile strength and a decrease in ductility as a result of the effective role of MVF and FGS in mechanical performance. It should be said that at an identical intercritical annealing temperature, an increment in the rolling reduction from 40 to 60%, led to a promotion in strength and a decrement in ductility as well. This is attributed to the MVF and FGS contribution to the strengthening again. In this study, according to Equation (8), the term of   ∆  σ  MM     can be disregarded, and the two terms of   ∆  σ  FGS     and   ∆  σ  MVF     simultaneously result in strengthening [93].



Das et al. [52] produced three DP steels with different MMs via IA (hardness: 253 ± 6 HV; UTS: 843 MPa), IQ (hardness: 266 ± 3 HV; UTS: 892 MPa), and SQ (hardness: 281 ± 4 HV; UTS: 931 MPa) cycles. It can be said that increasing the hardness and strength for various MMs is in the order of globular, fibrous, and coarse islands. In this case, it was concerning Equation (8), in which only the term of   ∆  σ  MM     plays a dominant role in strengthening. Meanwhile, the promotion of ductility for different MMs is in the order of coarse islands, globular, and fibrous. Superior ductility of the fibrous morphology compared to other morphologies is probably due to less distance between regions of the martensite phase and its fine and random morphology, which delay microvoid growth and coalescence [52].



Wang et al. [55] developed DP steels with different intercritical annealing temperatures. Table 2 summarizes the tensile properties [55]. It is found that an increment of intercritical annealing temperature from 740 up to 780 °C causes an increase in strength and a decrease in ductility. This can be recognized via the changes in MVF caused by increasing the intercritical annealing temperature. So, the MVF is enhanced with an increase in the intercritical annealing temperature, resulting in an improvement in mechanical characteristics [55]. Regarding Equation (8), only the term of   ∆  σ  MVF     plays an effective role in strengthening.



Dai et al. [21] evaluated the process of fast-heating annealing on cold-rolled DP980 steel, and their finding exhibited that fast-heating annealing could be a possible path to develop high-performance DP steels by using the benefit of austenite decomposition [21]. In addition, the discontinuous and ultrafine martensite phase encircled by the interconnected network ferrite phase was formed at a temperature of 1073 K for 100 s. In this respect, the cold-rolled DP980 steel is quickly austenitized above the temperature of full austenitization at a heating rate of 300 K/s with a high ultimate tensile strength (1204 MPa) and a fracture elongation (16.7%) [21]. Besides, the study of the fatigue behavior of DP steels is significant [118,119,120,121,122]. It has been revealed that the behavior of cyclic hardening and softening depends on the MVF. So, the cyclic hardening and cyclic softening take place in DP steels with low and high MVF, respectively [118]. The cyclic hardening and softening behavior can result from a complicated interaction between ferrite hardening and martensite softening [118]. It was reported that increasing the MVF causes an increase and a decrease in low cycle fatigue life at low total strain amplitude and high total strain amplitude, respectively [118]. On the other hand, it was shown that a high MVF leads to the creation of secondary cracks during fatigue crack propagation, decelerating crack advancement [40]. Martensite can also make a closing crack over the crack head, causing difficult propagation resulting from irregularities in connection with the crack advancement on the martensite phase [40]. Lian et al. [123] studied the damage behavior of DP steels under different stress states. Their finding exhibited that the damage initiation preferably takes place at the ferrite/martensite interface under conditions of equibiaxial tension, plane strain tension, and uniaxial tension either in the martensite phase with a sharp edge or in the center of two martensite islands close together [123].



Rudnizki et al. [124] demonstrated that the microstructural evolutions during the full processing route should be precisely governed to achieve the ideal mechanical properties for DP steel. Hence, they concluded that two and three-dimensional simulations of microstructural evolutions during the processing of DP steels could be recognized via the phase-field modeling method [124]. This provides a description of all metallurgical changes occurring on a microstructural scale during the intercritical annealing treatment, i.e., the austenite and the ferrite formation, and the recrystallization as a function of the process variables, initial microstructure, as well as the chemical composition could be considered. Bleck et al. [125] depicted that an optimized cooling strategy is required to form the desired microstructure of DP steel in the hot rolling process. Moreover, selecting an appropriate cooling procedure results in the fabrication of a DP steel with the desired distribution of the ferrite phase [125].



After a while, it is substantial to discuss the ductility of DP steels. An increment of MVF does not essentially decrease ductility. Mazaheri et al. [38] revealed that, in addition to strength, ductility also increases via an increase in the MVF from a certain value. They attributed the reason to a greater decrease in the concentration of the solute carbon in martensite by increasing the MVF [38]. Equation (21) also confirms that by increasing the MVF, the concentration of the dissolved carbon in martensite decreases [38]. Thus, the martensite is softened and becomes more deformable, causing an increase in ductility [38]:


   C m  =  [  C −  C f   (  1 −  V m   )   ]  /  V m   



(21)




where C,    C f   ,    C m   , and    V m    belong to the mean carbon content of DP steel, carbon content of ferrite, carbon content of martensite, and MVF, respectively. Jahanara et al. [73] exhibited that via increasing the intercritical annealing temperature from 780 to 820 °C, strength and ductility are simultaneously enhanced, as observed in Figure 8d [73]. It is noted that an increment of intercritical annealing temperature from 780 to 820 °C increases the MVF and decreases FGS, based on Figure 8e [73]. The reason for the increased strength can be described as a result of increasing FGS and MVF strengthening with an increasing intercritical annealing temperature. Meanwhile, the reason for increased ductility can result from [73]: (a) martensite softening caused by decreasing the solute carbon in it via increasing MVF, as seen in Figure 8f [73]; (b) an increase in the mean free path of martensite with an increasing MVF; (c) avoidance of spreading the strain localized in the ferrite grains to the adjacent ferrite grains via increased MVF with a chain-networked MM, and (d) a decrease in the difference between mechanical properties of ferrite and martensite through the reduction of FGS and an increment of MVF, causing an improvement in the cohesion of the ferrite/martensite interface and a postponement in the plastic instability, i.e., necking.



The hole expansion test (HET) assesses the stretch-flangeability property, in other words, the formability of a material that possesses a primary defect (i.e., the preliminary central hole) [18,44]. Hole expansion ratio (HER) can be calculated using Equation (22) [44]:


  HER    ( % )  =  (   d f  −  d 0  /  d 0   )  × 100  



(22)




where    d 0    and    d f    are the initial and final hole diameter, respectively. It can be said that an increasing HER indicates an increase in the formability [44]. Yoon et al. [44] concluded that increasing the MVF leads to the escalation of HER. This could be related to the decreasing martensite carbon content and the improving martensite plasticity, as well as the reduction of the hardness difference between ferrite and martensite with increasing MVF [44]. On the other hand, their result also illustrated through the single-edge notched tensile (SENT) test that the fracture energy/resistance is enhanced with an increase in the MVF [44]. Therefore, their result reveals that the formability and fracture energy/resistance are simultaneously promoted by an increasing MVF [44].



It is worth noting that great ductility at a certain strength is one of the best properties of DP steels among AHSSs [1,2,105]. Based on the literature [2,105,111], the work hardening rate could control uniform elongation. It is said that improved uniform elongation is obtained by an increase in the work hardening exponent (n) or dσ/dε and/or the difference UTS-YS [1,2,111]. Ductility is extremely dependent on the MVF and carbon concentration in martensite [38]. There is an experimental relation based on Equation (23) that links the true uniform strain of DP steel (   ε u  D P    ) and true uniform strain of the ferrite phase (   ε u F   ) with the MVF (   V M   ) and carbon concentration in martensite (   C M   ) [2]:


   ε u  D P   /  ε u F  = 1 − 2.2  C M     (   V M   )    1 / 2    



(23)







It is clear that the effectiveness of    C M    is more than that of    V M   . Regarding Equation (23), uniform elongation can increase via decreasing    C M    and    V M   . In contrast, increasing    C M    and    V M    can decrease uniform elongation. In this respect, it was reported [38,73] that the carbon content of martensite is inversely changed by the MVF. Equation (23) describes how uniform elongation in DP steel is enhanced by decreasing    C M    without an increment of    V M    [2]. It was exhibited [38,73] that the ductility of DP steel is possibly improved by increasing the MVF in some cases. This was caused by reducing the carbon content of martensite (i.e., decreasing martensite hardness) and increasing martensite plasticity [38,73]. In this respect, Equation (23) further confirms the significant effect of carbon content on uniform elongation, where ferrite grain refinement can also boost martensite plasticity [48]. However, it has been stated that the ductility is lessened by an increase in the MVF at higher hardness of the martensite phase [2]. This is resulting from the rapid formation of voids as a result of the plastic deformation incompatibility between ferrite and martensite [2]. According to Equation (23), one of the most effective approaches for improving uniform elongation in DP steels is to enhance    ε u F   . On the other hand, at a constant MVF, the ductility of DP steel is also determined by the ferrite ductility [1,2]. An increase in MVF also causes a reduction in total elongation, such as uniform elongation. This could be attributed to the reduction in uniform elongation and lower post-necking strain (i.e., the difference TE-UE) [2]. Similarly, it was revealed that an increase in    C M    (and the martensite hardness) leads to a decrease in the difference TE-UE, i.e., the step length of localized plastic deformation. This is referred to more often as facilitated decohesion/martensite failure [2]. There are differences in the total elongation related to DP steels at constant tensile strength and MVF that imply the importance of the size, continuity, distribution, and geometry of the martensite phase in the preliminary size of microvoids and the step length of localized plastic deformation (post-necking) before microvoid coalescence [1,2]. It was also demonstrated that the refined martensite phase caused the highest total elongation. This is a result of more uniform elongation and lesser size of voids, hindering their coalescence [2]. Overall, all factors such as FGS, MVF, and MM should be appropriately determined since the ferrite ductility, martensite plasticity, and work hardening exponent, which importantly control the ductility of DP steels, are impressed by these factors.



Strength–ductility balance (SDB) is a crucial feature that is strongly affected by grain size, phase volume fraction, and phase morphology [126,127,128,129,130,131,132,133,134,135,136,137,138,139,140,141,142,143,144,145,146,147,148,149,150,151,152]. This is estimated by Equation (24) [12,38]:


  SDB    (  J /  cm 3   )  = UTS × UE  



(24)




where UTS and UE are the ultimate tensile strength and uniform elongation, respectively. Regarding Equation (24), SDB is as a function of UTS and UE. Accordingly, the improvement of UTS and UE leads to the escalation of SDB [12]. All researchers and automobile engineers are attempting to promote SDB, since higher SDB represents the excellent mechanical performance of DP steel. Moreover, SDB also represents deformation energy, where the higher the SDB, the more energy absorption (deformation energy) [12]. It is so crucial to clarify that SDB contributes to the selection of optimum FGS, MVF, and MM. Thus, it has been confirmed that the highest SDB and the ideal mechanical performance can be acquired using a concurrent blend of optimized FGS and MVF, as well as favorable MM, as shown in Figure 9.




6. Conclusions and the Future Outlook


This review paper aimed to introduce strengthening mechanisms and their processing routes in dual-phase (DP) steels. It was found that ferrite grain size (FGS), martensite volume fraction (MVF), and martensite morphology (MM) are the main microstructural characteristics in DP steels that strongly affect the mechanical properties. The cause is that each of these characteristics can solely result in a substantial strengthening. It has been confirmed that FGS, MVF, and MM are three primary factors that contribute to the strengthening of DP steels. Ultrahigh-strength DP steels can be developed with the help of these strengthening factors, which are very suitable for the automotive industry. There are many processing routes for altering the microstructural characteristics and further strengthening DP steels, which were mostly noted in this review article. Via focusing on these processing routes, it is possible to produce DP steels with a vast range of strength–ductility balance. The current review could present fundamental information to researchers and automotive engineers to create more novel techniques for the promotion of strengthening factors in DP steels with the aim of upgraded safety and mechanical response of automobiles against accidents. It has been confirmed that a banded microstructure can be created in DP steels, which weakens mechanical properties such as failure behavior. Thus, prevention of the banded microstructure formation could significantly promote DP steel performance. Friction stir processing may be desirable to modify the banded microstructure owing to the fragmentation of phases, homogenizing their distribution and grain refinement. Moreover, researchers should focus more attention on the effects of other alloying elements such as tungsten, tantalum, cobalt, etc., on the microstructures and mechanical properties of DP steels. Severe plastic deformation approaches, e.g., friction stir processing, accumulative roll bonding, equal channel angular pressing, etc., are also employed to refine these microstructures. It is proposed that the grain refinement approach be merged with severe plastic deformation to attain a nanograin structure. Martensite plasticity is very substantial for the ductility and failure behavior of DP steels. Thus, the formation of martensite with a higher plasticity can be an effective approach to escalate the functions of DP steels. Eventually, it is worth noting that achieving the strength–ductility balance of DP steels by tailoring the microstructure is still controversial; hence, more studies should be conducted regarding this issue.
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Figure 1. Relative and qualitative comparison of the strength–ductility balance of AHSSs versus other conventional high-strength steels Reprinted with permission from ref. [8]. Copyright 2021 Elsevier. 
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Figure 2. TEM image of DP steels: (a) HA74 steel [55] and (b) DP600 steel [60] (F = ferrite and M = martensite); KAM map of DP steels: (c) DP420/780 steel [58] and (d) IC775 steel [61]; SEM micrograph of DP steels: (e) DP980 steel–A and (f) DP980 steel–B [62]. Note: α = ferrite, α’ = martensite, α_b = bainite, and RA = retained austenite. Reprinted with permission from refs. [55,58,60,62]. Copyright 2021 Elsevier. 
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Figure 3. TEM micrographs of (a,b) DP steel [65], (c) DP steel (IQ steel), and (d) SAED pattern of (c) section. F = ferrite and M = martensite [66]. Reprinted with permission from refs. [65,66]. Copyright 2021 Elsevier. 
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Figure 4. (a) Heat treatment regime (processing route 1) for FGS reduction. (b) The schematic structure of lath martensite phase. PAGB = prior austenite grain boundary [3]. Reprinted with permission from ref. [3]. Copyright 2021 Elsevier. 
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Figure 5. (a) The heat treatment regime (processing route 2) for FGS reduction. (b) Mechanism of continuous recrystallization: (1) before recrystallization, (2) collapse, (3) spheroidization, and (4) advancement of spheroidization and grain growth [85]. (c) Heat treatment regime (processing route 3). (d) Heat treatment regime (processing route 4). (e) Heat treatment regime (processing route 5). (f,g) Heat treatment regime (processing route 6). (h) Heat treatment regime (processing route 7) for FGS reduction. Reprinted with permission from ref. [85]. Copyright 2021 Elsevier. 
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Figure 6. Various heat-treatment regimes: (a) processing route 8, (b) processing route 9, (c) processing route 10, (d) processing route 11, (e) processing route 12, and (f) processing route 13 for FGS reduction. 
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Figure 7. (a) Various heat treatment regimes for generation of different MMs in DP steels: (i) IA, (ii) IQ, and (iii) SQ. Various MMs in DP steels: (b) globular [38], (c) fibrous [66], and (d) coarse islands [116]. F = ferrite and M = martensite. Reprinted with permission from refs. [38,66,116]. Copyright 2021 Elsevier. 
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[image: Metals 12 00101 g007]







[image: Metals 12 00101 g008 550] 





Figure 8. (a–c) Fractography via SEM after tensile test for DP steels with different FGSs [48], (d) tensile properties, (e) average FGS and MVF as a function of intercritical annealing temperature, and (f) relationship between martensite carbon content and MVF [73]. WQ = water quenching and WR = warm rolling. Reprinted with permission from refs. [48,73]. Copyright 2021 Elsevier. 
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Figure 9. The role of FGS, MVF, and MM for achieving a DP steel with highest strength–ductility balance along with high mechanical properties. 
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Table 1. Tensile properties of DP steels with different FGSs [48]. Reprinted with permission from ref. [48]. Copyright 2021 Elsevier.
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	Steel
	MVF (%)
	    FGS   (  μ m  )    
	YS (MPa)
	UTS (MPa)
	UE (%)
	TE (%)
	n-Value





	CG
	31.3
	12.4
	  445   ±    17
	  870   ±    25
	  7.2   ±    0.7
	  7.7   ±    1.0
	  0.21   ±    0.01



	FG
	30.1
	2.4
	  483   ±    7
	  964   ±    4
	  7.4   ±    0.4
	  8.9   ±    0.8
	  0.18   ±    0.01



	UFG
	29.8
	1.2
	  525   ±    8
	  1037   ±    15
	  7.1   ±    0.5
	  7.3   ±    0.4
	  0.18   ±    0.01







CG = coarse-grained, FG = fine-grained, UFG = ultrafine-grained, YS = yield strength, UTS = ultimate tensile strength, UE = uniform elongation, TE = total elongation, and n = work hardening exponent according to the Hollomon relation.
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Table 2. Tensile properties of DP steels with different intercritical annealing temperatures [55]. Reprinted with permission from ref. [55]. Copyright 2021 Elsevier.
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	Steel
	YS (MPa)
	UTS (Mpa)
	TE (%)





	  HA 74   ( 740   ° C  )
	574
	851
	15.98



	  HA 76   ( 760   ° C  )
	602
	885
	13.01



	  HA 78   ( 780   ° C  )
	621
	914
	11.03







YS = yield strength, UTS = ultimate tensile strength, TE = total elongation.
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