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Abstract

:

The damage properties in the shear-punched surface layer, such as the strain-hardening increment, strain-induced martensite fraction, and initiated micro-crack/void characteristics at the shear and break sections, were experimentally evaluated to relate to the stretch-flangeability in three types of low-carbon high-strength TRIP-aided steel with different matrix structures. In addition, the surface layer damage properties were related to the mean normal stress developed on shear-punching and microstructural properties. The shear-punched surface damage of these steels was experimentally confirmed to be produced under the mean normal stress of negative to 0 MPa. TRIP-aided bainitic ferrite (TBF) steel had the smallest surface layer damage, featuring a significantly suppressed micro-crack/void initiation. This was due to the fine bainitic ferrite lath matrix structure, a low strength ratio of the second phase to the matrix structure, and the high mechanical stability of the retained austenite. On the other hand, the surface layer damage of TRIP-aided annealed martensite (TAM) steel was suppressed next to TBF steel and was smaller than that of TRIP-aided polygonal ferrite (TPF) steel. The surface layer damage was also characterized by a large plastic strain, a large amount of strain-induced martensite transformation, and a relatively suppressed micro-crack/void formation, which resulted from an annealed martensite matrix and a large quantity of retained austenite. The excellent stretch-flangeability of TBF steel might be caused by the suppressed micro-crack/void formation and high crack propagation/void connection resistance. The next high stretch-flangeability of TAM steel was associated with a small-sized micro-crack/void initiation and high crack growth/void connection resistance.
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1. Introduction


The first-, second-, and third-generation advanced high-strength steels (AHSSs) have been applied to automobiles to reduce weight and improve crash safety performance [1,2,3,4,5,6,7]. These formable AHSSs are classified by strength grade, matrix structure, and plasticity mechanism (transformation-induced plasticity (TRIP)/twinning-induced plasticity (TWIP), which is mainly controlled by stacking fault energy of austenite phase), as follows.



	
The first-generation AHSS: ferrite-martensite/bainite dual-phase (DP) [8,9,10,11,12,13,14], complex phase [12,13], TRIP-aided polygonal ferrite (TPF) [10,15,16,17,18,19,20], and TRIP-aided annealed martensite (TAM) [21,22] steels



	
The second-generation AHSS: high manganese TWIP steel [23,24,25],



	
The third-generation AHSS: TRIP-aided bainitic ferrite (TBF) [21,26,27,28,29], carbide-free bainitic (CFB) [30,31], quenching and partitioning (Q and P) [10,28,29,32,33,34,35], medium Mn (MMn) [36,37], and TRIP-aided martensitic (TM) [26] steels.






These AHSSs are characterized by excellent stretch-formability (maximum stretch height) [12,15,16,17,18,21,22,23,26,27,28,34,36] and stretch-flangeability (hole expansion ratio) [8,10,11,12,13,14,15,17,18,20,21,22,23,24,25,26,27,29,30,31,32,33,35,36,37], as shown in Figure 1 [21,22,26], as well as good deep drawability (limiting drawing ratio) [16,18,23] and bendability (minimum bending radius) [12,15,18,19,21]. These cold formabilities are evaluated under various stress states or mean normal stress states. According to Hiwatashi et al. [16] and Takahashi [18], an equi-biaxial tension on stretch-forming enhances the strain-induced martensite transformation in TPF steel because of increased expansion strain. Many researchers have investigated the micro-crack/micro-void initiation [17,21] and growth [20,29] behaviors in regard to shear-punching and the stretch-flangeability in TPF and TAM steels. Furthermore, Sugimoto et al. also reported that the stretch-flangeability of TBF steel [27] is mainly controlled by the surface layer damage on shear-punching and crack growth and/or void connection on hole-expanding.



As the stress state near the sheared surface on shear-punching is complex [38], it is difficult to estimate the shear-punched surface layer damage. Sugimoto et al. [39] found that the mean normal stress significantly controls these behaviors in the TPF, TAM, and TBF steels with different matrix structures and retained austenite characteristics. Also, these behaviors are influenced by microstructural properties, such as the matrix structure, retained austenite characteristics, and second phase properties, such as martensite–austenite (MA) phase, strain-induced martensite, etc. However, no research has compared the shear-punched surface layer damage and related the damage to mean normal stress and microstructural properties in TPF, TAM, and TBF steels.



This research experimentally investigates the damage properties in the shear-punched surface layer, such as the strain-hardening increment, strain-induced martensite fraction, and initiated micro-crack/void characteristics, at the shear and break sections on shear-punching in low-carbon TPF, TAM, and TBF steels to relate to the stretch-flangeability. Additionally, the damage properties in the surface layer were related to the mean normal stress developed on shear-punching and the microstructural properties, such as the matrix structure, retained austenite characteristics, strength ratio of the second phase to the matrix, etc. In addition, the surface damage properties were related to the stretch-flangeability.




2. Experiments


Low-carbon steel, with a chemical composition seen in Table 1, was prepared as a 100 kg slab by vacuum melting. The slab was hot-rolled to a 13 mm diameter at a finish temperature of 850 °C. Tensile specimens (JIS-14A, 25 mm gauge length, 5 mm diameter) parallel to the rolling direction were machined from the hot-rolled bars. Hole punching samples, all featuring a 10 mm width, 50 mm length, and 1.2 mm thickness, were sliced from a 1/2 radius of the hot-rolled bars in the longitudinal direction (Figure 2a). Three kinds of heat treatments, shown in Figure 3, were applied to the samples to produce the TPF, TAM, and TBF steels. In this research, an austenitizing temperature of 910 °C, intercritical annealing temperature of 780 °C (between A3 and A1), and isothermal transformation temperature of 375 °C (for TPF and TAM steels) or 410 °C (>Ms, for TBF steel) were adopted to obtain the maximum retained austenite fraction.



The microstructure of the steels was observed at a 1/2 radius of the hot-rolled bars by a field-emission scanning electron microscopy (FE-SEM; JSM-6500F, JEOL Ltd., Akishima, Tokyo, Japan), which was performed using an instrument equipped with an electron backscatter diffraction system (EBSD; OIM system, TexSEM Laboratories, Inc., Prova, UT, USA). The EBSD analysis was conducted in an area of 50 × 50 μm2 with a beam diameter of 1.0 μm and a beam step size of 0.05 μm operated at an acceleration voltage of 25 kV. The specimens for FE-SEM–EBSD analysis were first ground with alumina powder and colloidal silica, and ion-thinning was then carried out.



The retained austenite characteristics, equivalent plastic strain, hardness, and micro-crack/void formation behavior on the surface and cross-section were evaluated in the shear-punched surface layer. The retained austenite characteristics of the steels were evaluated by an X-ray diffractometer (RINT2000, Rigaku Co., Akishima, Tokyo, Japan). The cross-section of the shear-punched samples was electro-polished after being ground with emery paper (#1200) and alumina powder, followed by Nital etching. The volume fraction of the retained austenite phase (fγ, vol%) was quantified from the integrated intensity of the (200)α, (211)α, (200)γ, (220)γ, and (311) γ peaks obtained by X-ray diffractometry using Mo-Kα radiation [40]. The carbon concentration in the retained austenite (Cγ, mass%) was estimated from the empirical equation proposed by Dyson and Holmes [41]. To accomplish this, the lattice constant of retained austenite was determined from the (200)γ, (220)γ, and (311)γ peaks of the Cu-Kα radiation.



An equivalent plastic strain (    ε  ¯   P) in the punched surface layer was estimated from a half-width (HW) of X-ray (211)α peak of the Cu-Kα radiation [42] through the relationship between the HW and     ε  ¯   P known as the Williamson-Hall equation [43,44]. In the present TPF, TAM, and TBF steels plastically deformed in tension, torsion, and compression, the HW–    ε  ¯   P relation is shown in Figure 4 [39]. The hardness was measured using a Vickers microhardness tester (DUH-201H, Shimadzu Co., Kyoto, Japan) with a load of 0.98 N. Micro-crack/void formation behavior was observed by FE-SEM.



Tensile tests were conducted on a tensile testing machine (AD-10TD, Shimadzu Co., Kyoto, Japan) at 25 °C and with a mean strain rate of 2.8 × 10−3 s−1 (crosshead speed: 10 mm/min). Three tensile specimens were used each to obtain the average tensile properties. Shear-punching was carried out at 25 °C and at a punching rate of 10 mm/min, with a shearing clearance between the die and punch of 10%. The diameter of the shear-punched hole was 4.76 mm. The dimensions of the die set made from JIS-SKD61 hot die steel are shown in Figure 2b. Three shear-punched holes were produced using shear-punching thin specimens to obtain the average shear-punching properties.




3. Results


3.1. Microstructural and Tensile Properties


Figure 5 shows the SEM-EBSD images of the microstructures of three kinds of steel. The microstructure of TPF steel consists of a polygonal ferrite matrix structure and a mixed second phase of bainitic ferrite (carbide-free bainite) and retained austenite [6]. Some parts of the retained austenite exist in isolation. The original volume fraction, original carbon concentration, and k-value of retained austenite are fγ0 =8.0 vol%, Cγ0 = 0.51 mass%, and k = 3.38, respectively (Table 2). The k-value is the strain-induced transformation factor or “mechanical stability” defined by the following equation [21],


  k = ( ln   f  γ 0  − ln   f γ ) /     ε  ¯   P   



(1)




where fγ is the volume fraction after being deformed to     ε  ¯   P. In this research, the k-value was calculated in an equivalent plastic strain range between     ε  ¯   P = 0 and 0.3. Most of the retained austenite exists along the polygonal ferrite grain boundary and coexists with the bainitic ferrite phase.



The microstructure of TAM steel is composed of an annealed martensite (or tempered martensite) matrix structure and an isolated retained austenite on annealed martensite lath boundary [17,21]. Many retained austenite phases are isolated on the annealed martensite lath boundary. Such a microstructure is similar to duplex-type medium Mn steel [36]. The original volume fraction, original carbon concentration, and k-value of retained austenite are fγ0 = 12.4 vol%, Cγ0 = 0.84 mass%, and k = 4.96, respectively (Table 2). They are higher than those of TPF steel.



The microstructure of TBF steel consists of a bainitic ferrite matrix structure and refined retained austenite [27]. A high amount of retained austenite exists on the bainitic ferrite lath boundary. Notably, the retained austenite phases are much finer than those of the TPF and TAM steels. The original volume fraction, original carbon concentration, and k-value of retained austenite are fγ0 = 11.4 vol%, Cγ0 = 0.65 mass%, and k = 1.21, respectively (Table 2). The volume fraction and carbon concentration are between TPF and TAM steels. The k-value is the smallest (or the mechanical stability of retained austenite is the highest) because of the refined retained austenite, although the carbon concentration of retained austenite is lower than that of TAM steel. Only TBF steel contains a small amount of MA phase (2.0 vol%).



Figure 6a shows the tensile engineering stress–strain (σ–ε) curves of TPF, TAM, and TBF steels. The tensile properties are shown in Table 2. TAM steel has the lowest yield stress (YS) and tensile strength (TS), as well as the largest uniform elongation (UEl), total elongation (TEl), and reduction in area (RA). TBF steel has the highest tensile strength and original Vickers hardness (HV0). In addition, TBF steel has larger ductility (elongations and reduction in area) than TPF steel, although the ductility is lower than that of TAM steel. TPF steel has the highest yield stress and tensile strength between TAM and TBF steels, with small elongations and a minor reduction in area. Notably, TBF and TAM steels have large strain-hardening in an early strain range and a large strain range, respectively.




3.2. Shear-Punching Properties


Figure 6b shows the typical shear-punching load–stroke (P–δ) curves of TPF, TAM, and TBF steels. When the curves are compared to the σ–ε curves (Figure 6a), the P–δ curves exhibit a similar tendency to the σ–ε curves. It is noteworthy that only the P–δ curve of TAM steel shows a two-step curve.



Figure 7 shows the appearance of shear-punched surfaces in TPF, TAM, and TBF steels. These punched surfaces consist of a round portion (rp), a shear section (ss), and a break section (bs). The round portion lengths are negligible in TPF, TAM, and TBF steels. Notably, only the break section of TAM steel consists of the primary and the secondary shears relating to the two-step P–δ curve (Figure 6b). The break sections of TPF and TBF steels contain only the primary shear.



Figure 8 shows the variations in yield shear stress or 0.2% offset proof shear stress (τ0), maximum shear stress (τmax), uniform shear displacement (δu), total shear displacement (δt), and a ratio of shear section length to sheet thickness (ss/t) as a function of an original Vickers hardness (HV0, Table 2) in shear-punched TPF, TAM, and TBF steels. These shear-punching properties, defined in Figure 2c, linearly increase with increasing HV0. TBF steel has higher τ0 and τmax than TPF and TAM steels (Figure 8a). As shown in Figure 8b, TAM and TBF steels have higher δu and δt than those of TPF steel. It is noteworthy that the ss/t value of TPF is much lower than those of TAM and TBF steels.




3.3. Vickers Hardness Distribution and Equivalent Plastic Strain Distribution


Figure 9 shows the Vickers hardness (HV) distribution in the depth direction (X-direction, see Figure 10b) at the shear and break sections in the shear-punched surface layer of TPF, TAM, and TBF steels. If a Vickers hardness increment is defined by ΔHV (=HV − HV0, HV0: original HV), the ΔHV at the shear section of TPF steel is larger than that at the break section. In TAM steel, the opposite trend is seen. On the other hand, the ΔHV at the break section of TBF steel is nearly the same as that at the shear section. When the ΔHV values of these steels are compared, higher ΔHVs are obtained at the break sections of TAM and TBF steels. If a critical depth fitting with ΔHV = 0 is defined by “dh” (Figure 9b,c), the dh is about 300 μm in TAM and TBF steels. In TPF steels, the dh cannot be measured in a depth range lower than 400 μm. TBF steel has the maximum HV near the surface. TPF steel exhibits the next maximum HV near the surface. TAM steel has lower maximum HV than TPF and TBF steels, except for the unusually high HV due to secondary shear (see arrows in Figure 9b).



Figure 10a shows the HV distribution in the punching direction (Y-direction) in the shear-punched surface layer of TPF, TAM, and TBF steels. The HV is measured inside 50 μm from the surface (see Figure 10b). The maximum HV is obtained at the break section in all steels, although the HV at the shear section of TPF steel is relatively high. The ΔHVs at the break section of TBF steel are larger than those of TPF and TAM steel. Notably, the HV and ΔHV at the shear section of TAM steel are much lower than those at the break section, differing from those of TPF and TBF steels.



Figure 11 shows the     ε  ¯   P distribution in the depth direction (X-direction) at the shear and break sections in the shear-punched surface layer of TPF, TAM, and TBF steels. In TPF steel, the     ε  ¯   P rapidly decreases with increasing depth in a range of X = 0 to 50 μm. On the other hand, the     ε  ¯   P of TAM steel gradually decreases with increasing depth in a range of X = 0 to 500 μm, although the maximum     ε  ¯   P (=1.9) is lower than those of TPF and TBF steels. The     ε  ¯   P distribution of TBF steel shows an intermediate tendency between TPF and TAM steels, with the largest maximum     ε  ¯   P (=3.3). The difference in     ε  ¯   P between the shear and break sections in TAM steel is larger than those of TPF and TBF steels. This may result in a large difference in HV (Figure 9b).




3.4. Stain-Induced Martensite Fraction Distribution


Figure 12 shows the variations in the retained austenite fraction in the depth direction (X-direction) at the shear and break sections in the shear-punched surface layer of TPF, TAM, and TBF steels. A larger amount of retained austenite transforms to martensite at TAM steel’s shear and break sections. The strain-induced martensite fraction (∆fαm = fγ0 − fγ) becomes the maximum on the punched surface and decreases with increasing depth in all steels.



The ∆fαm at the break section is higher than that at the shear section in all steels. In TPF and TBF steels, the ∆fαm rapidly decreases with increasing depth, in contrast to TAM steel, except for the ∆fαm at the break section of TPF steel. The critical depths of non-transformation “dt” at the shear section are about 300 μm and 400 μm in TPF and TBF steels, respectively. In this case, the dts of the break section are higher than those at the shear section in TPF and TBF steels. On the other hand, the dts at the shear and break sections are higher than 600 μm in TAM steel.




3.5. Initiated Micro-Crack/Void Characteristics


Figure 13 shows the SEM images of the cross-section of the shear-punched surface layer in TPF, TAM, and TBF steels. First, the micro-crack/void initiation sites are explained. Most of the micro-crack/void in TPF steel seems to initiate at the interface between polygonal ferrite and the second phase, as seen with bainitic ferrite, retained austenite, and strain-induced martensite (Figure 13d). In the same way as TPF steel, many micro-cracks/voids also initiate at the matrix structure/second phase interface in TAM and TBF steels (Figure 13h,l). Barnwal et al. [20] reported that micro-void initiation sites are the interface between the polygonal ferrite and the second phase at the break section in 980 MPa grade TPF steel. Sugimoto et al. showed the same micro-void initiation sites in 0.1–0.6C-1.5Si-1.5Mn TAM [21] and TBF steels [21,27]. Also, Tan et al. [31] showed that tiny cracks are observed among the fine bainite region with film-like MA phase in 0.20C-1.40Si-1.70Mn-0.045Nb CFB steels. The present micro-crack/void initiation sites show the same tendency as their reports. Micro-void initiation at the matrix/the second phase interface is also reported in Q and P [29], duplex-type MMn [36], and TM [26] steels, although a grain boundary crack initiates in TWIP steel [24].



Next, we shall state the mean size (Dv) and the mean number (Nv) of the micro-crack/void. A larger number of micro-cracks/voids initiate at the break section in all steels, compared to the shear section. In a depth range of X = 0 to 50 μm (on the outmost surface), TAM steel contains a larger number of micro-cracks/voids than those of TPF and TBF steels (Figure 13c,g,k), in addition to a much larger equivalent plastic strain. The mean number of micro-cracks/voids of TBF steel is the smallest. If the numbers of micro-cracks/voids of the present TPF, TAM, and TBF steels were compared to those of other AHSSs, a larger number of micro-cracks/voids (Nv = 1.35 × 104/mm2) initiated only in duplex-type MMn steel (0.20C-1.50Si-4.94Mn with retained austenite of fγ0 = 39.4 vol%) [36].



To compare quantitatively the micro-void initiation behavior in the shear-punched surface layer with that in the steels deformed to     ε  ¯   P = 0.3 in tension, torsion, and compression, the Dv and Nv at the shear and break sections subjected to     ε  ¯   P = 0.3 were measured in TPF, TAM, and TBF steels (Figure 14). In this case, the depths at which an equivalent plastic strain reaches     ε  ¯   P = 0.3 at the break section are about X = 20, 400, and 200 μm in TPF, TAM, and TBF steels, respectively (Figure 11). The mean sizes (Dv = 1.5 to 2 μm) are larger than those (Dv = 1 μm) of TAM and TBF steels (Figure 14a). As shown in Figure 14b, a larger number of voids initiate at the shear and break sections in TPF steel compared to TAM and TBF steels. It is noteworthy that the mean number of micro-cracks/voids is significantly small at the shear and break sections in TBF steel.





4. Discussion


The typical stress distribution of the shear region subjected to shear-punching is shown in Figure 15 [38], and it is mainly negative mean normal stress including zero one, except for a part of the positive mean normal. In the following, the damage properties of the shear-punched surface layer are related to the mean normal stress using the data of the strain hardening, the strain-induced martensite transformation, and the micro-crack/void initiation behaviors on deforming in tension, torsion, and compression [39]. Additionally, the effect of microstructural properties on the surface layer damage is discussed. Furthermore, the relationship between the stretch-flangeability and the surface layer damage is discussed.



4.1. Strain-Induced Martensite Transformation Behavior


Figure 16 shows the variations in retained austenite fraction with increasing equivalent plastic strain at the shear and break sections of TPF, TAM, and TBF steels. When these retained austenite fractions were compared to those of steels deformed in tension, torsion, and compression [39], the retained austenite fraction at the shear and break sections was to the same extent as compressive and torsional deformations in TPF and TAM steels, although the former was higher than the latter in TBF steel. This indicates that the shear and break sections on shear-punching mainly deformed under negative mean normal stress, including zero one.



In Figure 12b, the Δfαms on the surface and inside at the break section were the largest in TAM steel, in addition to those at the shear section. This may be associated with a large amount of retained austenite with low mechanical stability (high k-value, Table 2) and a large equivalent strain at the break section (Figure 11b). The latter is responsible for the secondary shear (Figure 7b and Figure 13e) and annealed martensite matrix structure with high ductility (Figure 5b). In TBF steel, the Δfαms were lower than those of TAM steel (Figure 12 and Figure 16). This is considered to be mainly associated with the higher mechanical stability (lower k-value) of fine-sized retained austenite (Table 2). The lowest Δfαms at the break section of TPF steel may be caused by the lowest initial volume fraction of retained austenite and a small ratio of the shear section length to sheet thickness (Figure 8c).




4.2. Strain-Hardening Behavior


As shown in Figure 9 and Figure 10, a larger ΔHV in the shear-punched surface layer was observed at the shear and break sections of TBF steel compared to TPF steel, although the ΔHVs were nearly the same as the ΔHV at the break section in TAM steel. According to Sugimoto et al. [21], the ΔHV of the shear-punched surface layer in TRIP-aided steel is mainly controlled by the following hardenings (in the same way as tensile strain-hardenin):




	(1)

	
“Long-range internal stress hardening”, which results from the difference in plastic strain between matrix structure and the second phase (retained austenite, strain-induced martensite, MA phase, etc.) [45],




	(2)

	
“Strain-induced martensite transformation hardening”, which results from an increase in strain-induced martensite fraction, although the transformation relaxes the localized stress concentration through an expansion strain [46],




	(3)

	
“Forest dislocation hardening”, which is estimated by the Ashby equation [47].









As shown in Figure 6a, TBF steel exhibited a large strain-hardening rate in an early stage with the highest flow stress. Therefore, high ΔHV in the shear and break sections of TBF steel may be caused by the large strain-hardening of the bainitic ferrite matrix structure and strain-induced martensite transformation hardening [39]. On the other hand, high ΔHV at the break section of TAM steel is considered to be mainly associated with a significant strain-induced martensite transformation hardening (Figure 12b), as well as high long-range internal stress hardening resulting from soft annealed martensite matrix structure and carbon-enriched hard strain-induced martensite. An exceptionally large ΔHV at the break section of TAM steel (Figure 9b and Figure 10a) may be caused by the secondary shear (Figure 7b). Additionally, the secondary shear is considered to produce a large     ε  ¯   P inside the shear-punched surface layer (Figure 11b), although the     ε  ¯   P on the surface was smaller than those of TPF and TBF steels.



The critical hardening depth for ΔHV was unclear in TPF steel (Figure 9a), although TAM and TBF steels had the critical depth of dh = 300 μm (Figure 9b,c). Additionally, inner ΔHV at the shear section was higher than that at the break section (Figure 9a), which was different from TAM and TBF steels. These reasons are in consideration. According to Sugimoto et al. [39], the strain-hardening behavior on an equivalent stress–strain curve does not significantly depend on the mean normal stress in TPF, TAM, and TBF steels; therefore, the effect of the mean normal stress on the HV distribution of Figure 9 can be neglected.




4.3. Micro-Crack/Void Initiation Behavior


First, let us confirm the mean normal stress developed on shear-punching for the micro-crack/void formation behavior. Figure 17 shows the relationships between the Nv and Dv of micro-cracks/voids at the shear and break sections in TPF, TAM, and TBF steels. In this case, the relationship cannot be compared to that of compressive deformation because of no-void initiation. It is found that the relationships nearly agree with those of torsional deformation in all steels in nearly the same way as the mean normal stress on the strain-induced martensite transformation of Figure 16. Figure 18 compares the shear and break sections subjected to     ε  ¯   P = 0.3 with those deformed to     ε  ¯   P = 0.3 under the different mean normal stresses in TPF, TAM, and TBF steels. The Dv and Nv at the shear and break sections agree with those of the mean normal stress of 0 and 0 to −500 MPa, respectively. This indicates that the Dv and Nv at the shear and break sections were deformed in torsion and compression in a similar way to Figure 15.



Next, let us discuss the relationship between the micro-crack/void initiation behavior and the other shear-punched surface layer’s damage properties, such as the ΔHV, Δfαm, and     ε  ¯   P, as well as the ss/t value. In TBF steel, the ΔHV rapidly decreased with increasing depth in a range from X = 0 to 300 μm (Figure 9c). The     ε  ¯   P and Δfαm were intermediate between those of TAM and TPF steels (Figure 11 and Figure 12). These results indicate that the suppressed micro-crack/void initiation behavior of TBF steel is related to the moderate     ε  ¯   P and Δfαm. On the other hand, the micro-crack/void initiation behavior of TAM steel was characterized by the largest critical depth for micro-crack/void initiation and a small Dv (with relatively high Nv) (Figure 14). In TAM steel, large ΔHV, Δfαm, and     ε  ¯   P were produced inside at the break section, although the     ε  ¯   P near the surface was the lowest (Figure 9, Figure 11 and Figure 12). Therefore, the large critical depth for micro-crack/void initiation of TAM steel may be mainly caused by the large     ε  ¯   P. In this case, large Δfαm increases the number of the micro-crack/void initiation site by increasing the strength ratio of the strain-induced martensite to the matrix structure, although it also plays a role in suppressing the void initiation by lowering the localized stress concentration. A large ss/t value of TBF steel may also contribute to small surface layer damage in the same way as with TAM steel.



Finally, let us discuss the relationship between micro-crack/void initiation behavior and microstructural properties. Generally, micro-crack/void initiation in TRIP-aided steels is mainly controlled by microstructural properties such as the following (i) to (iii) [11,21,27]:




	(i)

	
Refinement and homogeneity of the microstructure;




	(ii)

	
Strength ratio of the second phase to the matrix structure;




	(iii)

	
Volume fraction and mechanical stability of retained austenite.









The microstructure of TBF steel had a fine bainitic ferrite lath structure matrix with high homogeneity (Figure 5c), a small strength ratio of the strain-induced martensite to the matrix structure, and high mechanical stability of the retained austenite (Table 2). These microstructural properties are considered to effectively suppress the micro-crack/void initiation in TBF steel. In this case, the effect of the MA phase on the micro-crack/void initiation is expected to be neglected because of a small amount. In TAM steel, the micro-crack/void initiation at the shear and break sections was suppressed next to that of TBF steel (Figure 14). This is caused by the fine and low-hardness annealed martensite matrix structure with high ductility (Figure 5b), although a large     ε  ¯   P, a large Δfαm through the low mechanical stability and a large amount of retained austenite, as well as a high strength ratio due to the hard strain-induced martensite, promoted the micro-crack/void initiation, particularly near the surface. In TPF steel, micro-crack/void initiation was promoted at the shear and break sections. This was caused by the coarse polygonal ferrite structure matrix, a small amount of retained austenite, and a high strength ratio, as well as a small ss/t value.




4.4. Relationship between the Stretch-Flangeability and Shear-Punched Surface Layer Damage


In general, the stretch-flangeability of TRIP-aided steel is mainly controlled by the micro-crack/void initiation on shear-punching [14,17,21,22,26,29,35,36] and the following crack growth and/or void connection on hole-expanding [13,35], which are related to the matrix structure, the retained austenite characteristics, and the ss/t value. As shown in Figure 1b, TBF steel had excellent stretch-flangeability compared to TPF and TAM steels, displaying high stretch-formability (Figure 1a). In TBF steel, the micro-crack/void initiation on shear-punching was considerably suppressed in the shear-punched surface layer (Figure 13 and Figure 14), although large strain-hardening occurred (Figure 9c). Therefore, the excellent stretch-flangeability of TBF steel may be mainly associated with the suppressed micro-crack/void initiation behavior on shear-punching and high crack propagation and/or void connection resistance on hole-expanding [48] resulting from the fine bainitic ferrite lath matrix structure (Figure 5c), a small strength ratio, and high mechanical stability of retained austenite (Table 2 and Figure 16c). In this case, the strain-induced transformation of the untransformed retained austenite plays a role in suppressing the crack growth and/or void connection on hole expansion through the plastic relaxation of localized stress.



TAM steel had higher stretch-flangeability than TPF steel, although the stretch-flangeability was lower than that of TBF steel (Figure 1b). In TAM steel, the micro-crack/void initiation on shear-punching was suppressed compared to that of TPF steel (Figure 14), although a larger number of micro-crack/voids were initiated on the outmost surface in comparison to TPF steel. In addition, a larger amount of retained austenite transformed to martensite (Figure 12b) and a larger equivalent plastic strain developed in the shear-punched surface layer (Figure 11b). The former increases the strength ratio. Therefore, the relatively high stretch-flangeability of TAM steel is considered to be associated with small-size micro-crack/void initiation on shear-punching and high crack growth and/or void connection resistance on hole-expanding resulting from a fine annealed martensite lath structure matrix with high ductility, with a contribution of a large amount of inner untransformed retained austenite, in a similar way to TBF steel.





5. Conclusions


The damage properties of the shear-punched surface layer, such as the strain-hardening increment, strain-induced martensite fraction, and initiated micro-crack/void characteristics at the shear and break sections, were experimentally investigated to relate to the stretch-flangeability in low-carbon TPF, TAM, and TBF steels with different matrix structures. In addition, the surface layer’s damage properties were related to the mean normal stress that develop on shear-punching and microstructural properties. The main results are summarized as follows:




	
The shear-punched surface damage of these steels was experimentally confirmed to be produced under the mean normal stress of negative to 0 MPa (from compressive to torsional deformation).



	
The surface layer damage of TBF steel was distinguished by considerably suppressed micro-crack/void initiation with a large hardness increment and moderate strain-induced martensite transformation. The suppressed micro-crack/void initiation was associated with the fine bainitic ferrite lath matrix structure, a small strength ratio, and the high mechanical stability of retained austenite.



	
The surface layer damage of TAM steel was characterized by a large plastic strain (hardness increment) and a large amount of strain-induced martensite transformation. However, micro-crack/void initiation was suppressed next to TBF steel and the critical depth for no-void initiation was the maximum. This is caused by the fine annealed martensite structure matrix structure with high ductility and a large amount of retained austenite, despite the low mechanical stability of retained austenite and the high strength ratio developed by carbon-enriched strain-induced martensite.



	
The shear-punched surface layer damage at the break section of TPF steel was mainly characterized by the easiest micro-crack/void initiation, with an equivalent small plastic strain and a small amount of strain-induced martensite transformation. This was caused by the coarse polygonal ferrite structure matrix, a small amount of retained austenite, and a high strength ratio, as well as a small ss/t value.



	
The excellent stretch-flangeability of TBF steel might be caused by the considerably suppressed micro-crack/void initiation on shear-punching and the high crack propagation/void connection resistance on hole-expanding resulting from a fine bainitic ferrite matrix structure and a large amount of mechanically stable retained austenite.



	
On the other hand, the next high stretch-flangeability of TAM steel was considered to be mainly associated with a small-sized micro-crack/void initiation on shear-punching and high crack growth/void connection resistance resulting from a fine annealed martensite lath structure matrix with high ductility, with a contribution of a large amount of inner untransformed retained austenite.
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Figure 1. (a) Maximum stretch height–tensile strength (Hmax–TS) and (b) hole expansion ratio–tensile strength (HER–TS) relations in 0.15C-0.25Si-1.70Mn dual-phase (DP) steel, reprinted from [26], 0.2C-1.5Mn-Si-Al-Nb-Mo TRIP-aided polygonal ferrite (TPF) and TRIP-aided annealed martensite (TAM) steels, reprinted from [21,22], and 0.20C-1.5Si-1.5Mn-0.05Nb TRIP-aided bainitic ferrite (TBF) and TRIP-aided martensitic (TM) steels, reprinted from [26]. This figure is redrawn using the results of Refs. [21,22,26]. 
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Figure 2. (a) Sampling location of the shear-punching thin specimens (10 mm width, 50 mm length, and 1.2 mm thickness), (b) dimensions of the shear-punching die set, and (c) definition of the shear-punching parameters on the shear-punching load–stroke (P–δ) curve. R: a radius of the hot-rolled bar. Die set was made from JIS-SKD61 hot die steel. 
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Figure 3. Heat treatment diagrams of (a) TPF (solid lines) and TBF (dotted lines) and (b) TAM steels. These heat treatments were carried out in salt and oil baths. O.Q.: Quenching in an oil bath at 50 °C. 
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Figure 4. Relationships between X-ray half-width (HW) and equivalent plastic strain (    ε  ¯   P) in (a) TPF (square marks), (b) TAM (circle marks), and (c) TBF (triangle marks) steels. Open marks: in tension, solid black marks; in torsion, solid gray marks: in compression [39]. 
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Figure 5. (a–c) Phase maps of BCC and FCC and (d–f) orientation maps of FCC in TPF, TAM, and TBF steels; (d–f) are high magnification of squares in (a–c). αpf, αam, αbf, γR, and MA are polygonal ferrite, annealed martensite, bainitic ferrite (carbide-free bainite), retained austenite, and martensite–austenite mixed phase, respectively. 
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Figure 6. (a) Tensile engineering stress–strain (σ–ε) curves [39] and (b) shear-punching load–stroke (P–δ) curves of TPF, TAM, and TBF steels. 
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Figure 7. SEM micrographs of shear-punched surface in (a) TPF, (b) TAM, and (c) TBF steels. ss: shear section, bs: break section. 
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Figure 8. Variations in (a) yield shear stress or 0.2% offset proof shear stress (τ0) and maximum shear stress (τmax), (b) uniform shear displacement (δu) and total shear displacement (δt), and (c) a ratio of shear section length to thickness (ss/t) as a function of original Vickers hardness (HV0) in TPF, TAM, and TBF steels. 
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Figure 9. Vickers hardness distribution (HV) in the depth direction (X-direction) at the shear section (ss) and break section (bs) in (a) TPF, (b) TAM, and (c) TBF steels. The arrows in (b) are unusual Vickers hardness. ΔHV is Vicker hardness increment (=HV − HV0). Additionally, “dh” is a critical depth fitting with ΔHV = 0. 
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Figure 10. (a) Vickers hardness (HV) distribution in the thickness direction (Y-direction) in the shear-punched surface layer of TPF, TAM, and TBF steels; (b) directions and spots of Vickers hardness measurement. t: sheet thickness, rp: round portion length, ss: shear section length, bs: break section length. 
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Figure 11. Equivalent plastic strain (    ε  ¯   P) distribution in the depth direction (X-direction) at the shear section (ss) and break section (bs) in the shear-punched surface layer of (a) TPF, (b) TAM, and (c) TBF steels. 
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Figure 12. Retained austenite distribution in the depth direction (X-direction) at the shear section (ss) and break section (bs) in the shear-punched surface layer of (a) TPF, (b) TAM, and (c) TBF steels. ∆fαm is the strain-induced martensite fraction. Additionally, “dt” is a critical depth of non-transformation. 
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Figure 13. SEM images of (a,e,i) overview, (b,f,j) low magnification at the shear section, and (c,g,k) low magnification at the break section of the cross-section of the shear-punched surface layer in TPF, TAM, and TBF steels. (d,h,l) High magnification at the break section subjected to the equivalent plastic strain of     ε  ¯   P = 0.3. (d) and (l) are high magnification of squares in (c) and (k), respectively. Arrows denote micro-crack/void. Notably, rp: round portion, ss: shear section, bs: break section. 
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Figure 14. Variations in (a) the mean size (Dv) and (b) the mean number of (Nv) of micro-crack/void at the shear section (ss) and break section (bs) in TAM, TPF, and TBF steels, which were measured at the depth subjected to the equivalent plastic strain of     ε  ¯   P = 0.3. 
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Figure 15. Mean normal stress distribution on shear-punching [38]. (a) shear-punching stroke δ = 0 to 3.76% of sheet thickness, (b) δ = 25% of sheet thickness. Shearing clearance between punch and die: 10% of sheet thickness. Material: JIS-A1100. This figure is redrawn with permission from The Japan Society for Technology of Plasticity, copyright 2024. 
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Figure 16. Variations in volume fraction of untransformed retained austenite (fγ) as a function of equivalent plastic strain (    ε  ¯   P) at the shear section (ss) and break section (bs) in (a) TPF, (b) TAM, and (c) TBF steels. Data in tension (open marks), torsion (solid black marks), and compression (solid gray marks) from Ref. [39] were redrawn. Square, circle, and triangle marks are data of TPF, TAM, and TBF steels, respectively. 
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Figure 17. The relationship between the mean size of void (Dv) and the mean number of void (Nv) at the shear section (ss) and break section (bs) subjected to the equivalent plastic strain of     ε  ¯   P = 0.3 in (a) TPF (square marks), (b) TAM (circle marks), and (c) TBF (triangle marks) steels, which are compared to them deformed to     ε  ¯   P = 0.3 in torsion (solid black marks) and tension (open black marks). Data in torsion and tension were redrawn from Ref. [39]. 






Figure 17. The relationship between the mean size of void (Dv) and the mean number of void (Nv) at the shear section (ss) and break section (bs) subjected to the equivalent plastic strain of     ε  ¯   P = 0.3 in (a) TPF (square marks), (b) TAM (circle marks), and (c) TBF (triangle marks) steels, which are compared to them deformed to     ε  ¯   P = 0.3 in torsion (solid black marks) and tension (open black marks). Data in torsion and tension were redrawn from Ref. [39].



[image: Metals 14 00531 g017]







[image: Metals 14 00531 g018] 





Figure 18. Comparison of (a) the mean size of void (Dv) and (b) the mean number of void (Nv) measured at the depth subjected to an equivalent plastic strain of     ε  ¯   P = 0.3 to them deformed in tension, torsion, and compression to     ε  ¯   P = 0.3 in TPF (square marks), TAM (circle marks), and TBF (triangle marks) steels. 
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Table 1. Chemical composition (mass%) and measured martensite-start (Ms) and -finish (Mf) temperatures (°C) of slab used.
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	C
	Si
	Mn
	P
	S
	Al
	Nb
	Cr
	Mo
	N
	Ms
	Mf





	0.18
	1.48
	1.49
	0.004
	0.003
	0.043
	0.05
	1.02
	0.20
	0.001
	407
	292










 





Table 2. Microstructural and mechanical properties of TPF, TAM, and TBF steels.
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	Steel
	fγ0 (vol%)
	Cγ0 (mass%)
	k
	fMA

(vol%)
	HV0
	YS (MPa)
	TS (MPa)
	UEl (%)
	TEl (%)
	RA (%)





	TPF
	8.0 ± 0.6
	0.51 ± 0.08
	3.38
	0
	329
	762
	1098
	7.3
	11.6
	26.6



	TAM
	12.4 ± 0.4
	0.84 ± 0.06
	4.96
	0
	287
	608
	885
	11.3
	19.0
	52.9



	TBF
	11.4 ± 1.2
	0.65 ± 0.14
	1.21
	2.0 ± 0.3
	350
	709
	1276
	9.0
	17.7
	49.5







fγ0: retained austenite fraction, Cγ0: carbon concentration of retained austenite, k: strain-induced transformation factor in an equivalent plastic strain range between     ε  ¯   P = 0 and 0.3. fMA: volume fraction of MA phase, HV0: original Vickers hardness, YS: tensile yield stress, TS: tensile strength, UEl: uniform elongation, TEl: total elongation, RA: reduction in area.
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