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Abstract

:

This paper studies the microstructures and mechanical properties of quenching and partitioning (Q&P) samples prepared with 35% and 75% cold reduction sheets at an annealing temperature of 810 °C (intercritical temperature). The results indicate that prior cold reduction could significantly influence the ferrite recovery and recrystallization during intercritical annealing, which changes the size and distribution of the ferrite and retained austenite in the Q&P samples. Compared with the 75%—Q&P sample, the 35%—Q&P sample had smaller recrystallized ferrite and retained austenite grains, a higher volume fraction of retained austenite, and a more uneven size distribution of retained austenite. The 35%—Q&P sample presented better total elongation and a higher product of strength and elongation (PSE) than the 75%—Q&P sample. The higher total elongation was related to the higher content and uneven size distribution of retained austenite for they strengthened the TRIP effect and improved the uniform elongation of the sample. The results proved that Q&P steel prepared with a cold-rolled sheet with lower reduction exhibits a better combination of strength and plasticity due to the fact that lower reduction can delay the growth rate of austenite and recrystallized ferrite grains during the intercritical annealing stage.
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1. Introduction


The demand for improved passenger safety and fuel efficiency in the global automobile industry has led to the development of new advanced high-strength steels (AHSS). Third-generation AHSS are attractive, particularly due to their strength-ductility combinations, which are significantly better than those exhibited by first-generation AHSS and cost significantly less than those required by the second-generation AHSS [1]. Quenching and partitioning (Q&P) processing, initially proposed by Speer et al. [2,3], is one of the most promising and innovative heat treatments for the preparation of third-generation AHSS. The Q&P process starts with partial or full austenization, followed by interrupted quenching at a temperature between the martensite start temperature (Ms) and the martensite finish temperature (Mf), to obtain a predetermined combination of martensite and austenite (or ferrite). Next, the steel undergoes an isothermal treatment at the same temperature or a higher temperature to migrate carbon from the supersaturated martensite to the untransformed austenite. Finally, the steel is quenched to room temperature, and the austenite with sufficiently enriched carbon is retained at room temperature. The impact of such a treatment on mechanical properties depends strongly on the transformation-induced plasticity (TRIP) effect, which is controlled by the volume fraction and stability of the retained austenite [4,5,6].



Due to its enhanced ductility and strength, Q&P steel can be used in thinner gauges, reducing body-in-white weight and, consequently, improving fuel efficiency. The thin-gauge sheet used in preparing Q&P steel is generally prepared by the hot rolling and cold rolling processes, and the final thickness of the sheet is determined by cold reduction. The prior cold rolling breaks the microstructure and increases the storage energy of sheet. Both the defect density and the storage energy of the steel increases with the increase of cold reduction. Some studies indicated that the defects and storage energy induced by cold rolling can influence ferrite recrystallization and austenite formation during intercritical annealing, thereby changing the morphology and distribution of austenite before quenching [7,8,9]. The carbon partitioning and the retained austenite stability in Q&P steel are significantly influenced by the morphology and distribution of austenite [10,11,12]. Therefore, microstructures induced by prior cold reduction may influence the microstructures and mechanical properties of Q&P steel. Nevertheless, the effect of prior cold reduction on the microstructures and mechanical properties of Q&P steel remains unknown and needs further investigation.



In this study, the 35% and 75% cold reduction 0.2C–1.7Si–1.9Mn wt% thin-gauge sheets were treated with intercritical annealing, quenching, and partitioning. The influence of prior cold reduction on the microstructures and mechanical properties of Q&P steels was investigated.




2. Experimental Procedure


The material was received as ~2 mm, commercial, hot-rolled 0.2C–1.7Si–1.9Mn wt% steel. The 35% CR and 75% CR sheets were prepared by subjecting the as-received steel to 35% and 75% cold reduction in thickness, respectively. The expansion curve of the hot–rolled 0.2C–1.7Si–1.9Mn wt% steel during heating and cooling was measured with a Gleeble 3500 type dilatometer, as shown in Figure 1a. The Ac1, Ac3, Ms, and Mf temperatures of the as-received steel were 662 °C, 895 °C, 358 °C, and 213 °C, respectively. According to the measured Ac1, Ac3, Ms, and Mf temperatures, the annealing, quenching, and partitioning temperatures of Q&P treatment were formulated, as shown in Figure 1b. The 35% CR and 75% CR sheets were rapidly heated to 810 °C in a muffle furnace and held for 180 s before undergoing an immediate quenching (first quenching) to 260 °C for 15 s in a salt bath and being transferred into another salt bath at 400 °C for 50 s. Last, the samples were quenched (second quenching) in water to room temperature.



The samples for the optical microscope (OM, Axioplan2 Imagine, Zeiss, Göttingen, Germany) and scanning electron microscope (SEM, Nova nano 400, FEI Company, Hillsboro, OR, USA) studies were mechanically polished and then etched in 4 vol% nital solution for 10 s. The electron backscatter diffraction (EBSD, Apreo S HiVac, Thermofisher, Waltham, MA, USA) samples were electrochemically etched in 5% perchloric acid alcohol operated at 25 °C with a current of 0.6 A and voltage of 28 V for about 30 s. EBSD measurement was carried out at 15 kV and at a step size of 50 nm. The transmission electron microscope (TEM, JEM-2100, Tokyo, Japan) samples were thinned to a thickness of 60 μm and then punched into 3 mm diameter discs. The discs were finally electro-polished in a twin-jet machine at −25 °C in a solution of perchloric acid and alcohol. The volume fractions of retained austenite in the samples were measured by X-ray diffraction (XRD, Panslytical, Almelo, The Netherlands) with Cu Kα radiation. The integrated intensities of the (200)γ, (220)γ, (311)γ, (200)α, and (211)α peaks were used to quantify the volume fraction of the retained austenite as in Equation (1) [13].


  V =  1  1 + G      I α     I γ         



(1)




where V is the volume fraction of retained austenite, Iγ is the integrated intensity of the fcc reflection peaks, and Iα is the integrated intensity of the bcc reflection peaks.



According to the GB/T228.1-2010 standard, the gauge length of a tensile sample is related to the thickness. Therefore, the tensile samples of 35%CR—Q&P steel and 75%CR—Q&P steel were machined to a profile of 93 × 20 mm and 89 × 20 mm, respectively. The gauge lengths of the 35%CR—Q&P steel and 75%CR—Q&P steel were 30 mm and 26 mm, respectively. The gauge width of all samples was 12.5 mm. Tensile tests were conducted at a strain rate of 5 × 10−4 s−1 using a CMT5304 (Shenzhen SUNS Technology Stock Co., Ltd., Shenzhen, China) tensile machine at room temperature.




3. Results


3.1. Initial Microstructures of 0.2C–1.7Si–1.9Mn wt% Steel


The OM and SEM micrographs of the initial microstructures of 0.2C–1.7Si–1.9Mn wt% steel with different cold reductions are shown in Figure 2. Due to the fast cooling rate and high content of Mn in steel, it is difficult for the pearlite transformation to occur during cooling. The microstructures of the as-received steel were mainly composed of bainite, ferrite, and martensite (Figure 2a,b). After 35% cold rolling, the morphological changes in the microstructures were tiny (Figure 2c,d). When the cold reduction was increased to 75%, the ferrite (white area in Figure 2e) was obviously elongated along the rolling direction. However, the martensite, as a hard phase, did not undergo obvious deformation but maintained its equiaxed morphology, as shown in Figure 2f.




3.2. Microstructures of Q&P Samples


Figure 3 illustrates the SEM micrographs of the Q&P samples prepared with 35% and 75% cold reduction sheets at the austenitizing temperature of 810 °C. UR–F, R–F, and RA refer to the unrecrystallized ferrite, recrystallized ferrite, and retained austenite, respectively. M1 refers to the primary martensite, which was formed during first quenching and was tempered in the partitioning region. The M2/A island refers to the secondary martensite/carbon-enriched retained austenite. The second martensite was formed at the stage of second quenching to room temperature. Compared with M1, M2 was not tempered in partitioning, thus, it exhibited higher strength and low plastic deformation ability [14]. The ferrite, M1, retained austenite, and M2/A island could be identified by their different responses [15,16]. The results indicate that abundant, small-size recrystallized ferrite grains and a handful of large-size unrecrystallized ferrite grains were discovered in the 35%—Q&P sample. Some granular (or block) retained austenite grains existed in the unrecrystallized ferrite grains. In addition, some M1 and M2/A islands were present in the sample (Figure 3a). The microstructures of the Q&P sample prepared with the 75% CR sheet were different from those of the Q&P sample prepared with the 35% CR sheet. Large-size unrecrystallized ferrite was not discovered in the 75%—Q&P sample, and the size of recrystallized ferrite grain in the 75%—Q&P sample was larger than that in the 35%—Q&P sample (Figure 3b). Moreover, the content of M1 in the 35%—Q&P sample was higher than that in the 75%—Q&P sample.



The image-quality micrographs of the 35%—Q&P sample and 75%—Q&P sample analyzed by EBSD are shown in Figure 4. Austenite with a fcc crystal structure is highlighted in green. Ferrite and M1 with a bcc crystal structure are in gray. The light gray refers to ferrite, and the dark gray represents M1. The dark region refers to M2 for its high defect densities, and large quantities of substructures result in low image quality [17]. The results indicate that the prior cold reduction had significant effects on the morphology and grain size of ferrite and retained austenite. The effects can be summarized in the following aspects. Firstly, ferrite recrystallization occurred in the 35%—Q&P and 75%—Q&P samples; but, the grain size of the recrystallized ferrite in the 35%—Q&P sample was significantly smaller than that in the 75%—Q&P sample. Secondly, the contents of M1 and M2 in the 75%—Q&P sample were higher than those in the 35%—Q&P sample. Thirdly, abundant, small-size retained austenite and some large-size retained austenite coexisted in the 35%—Q&P sample, but the size of the retained austenite in the 75%—Q&P sample was more uniform (Figure 4a,b). The size distribution of the retained austenite in the 35%—Q&P sample and the 75%—Q&P sample is shown in Figure 4c. The results indicate that the percentages of retained austenite with a size below 0.05 μm2 and over 0.25 μm2 in the 35%—Q&P sample were both higher than those in the 75%—Q&P sample. The average size of retained austenite in the 35%—Q&P sample was smaller than that in the 75%—Q&P sample (0.112 μm2 vs. 0.123 μm2).



Figure 5 shows the typical TEM microstructures of the 35%—Q&P sample and 75%—Q&P sample. The TEM micrographs indicate that the large-size unrecrystallized and small-size recrystallized ferrite grains coexisted in the 35%—Q&P sample (Figure 5a,b), which is consistent with the EBSD results. Meanwhile, the retained austenite with irregular morphology and M2/A islands were distributed in the ferrite grain and at the grain boundary, respectively. Recrystallized ferrite, retained austenite, and M2/A islands were also present in the 75%—Q&P sample (Figure 5c). However, some M1 laths were discovered in the sample (Figure 5d).



The XRD patterns of the 35%—Q&P sample and 75%—Q&P sample prepared with 35% and 75% cold reduction sheets are shown in Figure 6. The patterns indicate that the intensities of (200)γ, (220)γ, and (311)γ of the two samples were similar, but the intensities of (200)α and (211)α of the 35%—Q&P sample were less than those of the 75%—Q&P sample. The integrated intensities of the (200)γ, (220)γ, (311)γ, (200)α, and (211)α peaks were used to quantify the volume fraction of the retained austenite. The results indicate that the volume fraction of the retained austenite in the 35%—Q&P sample was higher than that in the 75%—Q&P sample (14.0% vs. 11.0%).




3.3. Mechanical Properties


The engineering stress-strain plots of the 35%—Q&P sample and 75%—Q&P sample are shown in Figure 7. The mechanical properties are summarized in Table 1. The plots of the Q&P samples indicate that the engineering stresses first increased rapidly (elastic deformation) and then slowly (plastic deformation), before declining at the necking stage with the strain being increased. Compared with the 75%—Q&P sample, the 35%—Q&P sample had higher maximal strength and strain to fracture. The tensile strength and total elongation of the 35%—Q&P sample were higher than those of the 75%—Q&P sample (1194 MPa vs. 1164MPa, 19.18% vs. 18.11%). The product of strength and elongation (PSE) of the 35%—Q&P sample was as high as 24.37 GPa·%: 15.6% higher than that of the 75%—Q&P sample.



To further study the effect of prior cold reduction on the plasticity of Q&P steel, the true stress-strain plots and strain-hardening rate plots of the 35%—Q&P sample and 75%—Q&P sample are presented in Figure 8. The true stress-strain plots of the Q&P samples indicate that the true stresses first increased rapidly and then slowly before declining with the strain increased (Figure 8a). The strain-hardening rate (SHR) plots were calculated from the true stress-strain plots. The results indicate that the SHRs first decreased rapidly and then slowly with the true strain increased (Figure 8b). The criterion for necking [18,19] is shown as Equation (2). Necking occurs when the SHRs are equal to the true stress.


      d σ   T  /    d ε   T  =  σ T      at    ε T  =  ε U    



(2)




where      d σ   T  /    d ε   T    is the SHR,    σ T    is true stress, and    ε T    is true strain.    ε U    is the value of true strain corresponding to the beginning of necking. The corresponding true strain range of the uniform plastic deformation zone and necking zone of the Q&P samples is illustrated in Table 2. The results indicate that the true strain range of the uniform plastic deformation zone in the 35%—Q&P sample was larger than that in the 75%—Q&P sample. However, the true strain range of the necking zone in the 35%—Q&P sample was smaller than that in the 75%—Q&P sample. The results indicate that the higher total elongation of the 35%—Q&P sample was related to its better uniform elongation.



The SEM micrographs of the fracture surface of the 35%—Q&P sample and 75%—Q&P sample are shown in Figure 9. The fracture morphology of the two samples was dominated by voids, indicating that the fracture mode of the Q&P samples was ductile fracture. However, there were subtle but distinct differences in the fracture morphology of the two samples. Compared with the 75%—Q&P sample, the 35%—Q&P sample had more microcracks on the fracture surface, as shown by the red arrow in Figure 9a,c. Furthermore, the high-magnification fractography of the two samples indicate that the size of the voids in the 35%—Q&P sample was smaller than that in the 75%—Q&P sample (Figure 9b,d).





4. Discussion


4.1. Effect of Prior Cold Reduction on Microstructures of Q&P Samples


The hardness and strength of ferrite phase are lower than those of martensite phase. Deformation bands and other substructures form in ferrite grain after cold rolling, which can increase the total grain boundary area [20]. Meanwhile, cold rolling can increase the stored energy of the material due to the high dislocation density. The total ferrite grain boundary area and stored energy increase with the increase of cold reduction. The ferrite grain boundary and stored energy can provide nucleation sites and driving force, respectively, for the ferrite recovery and recrystallization upon intercritical annealing. Subsequently, the recrystallized ferrite grains grow. Compared with the 35% cold reduction sheet, the 75% cold reduction sheet could reduce the activation energy and temperature for ferrite recrystallization due to its higher stored energy and grain boundary density, thus, accelerating the ferrite recrystallization and growth [7,20]. Therefore, the grain size of recrystallized ferrite in the 75%—Q&P sample was coarser than that in the 35%—Q&P sample.



The austenite formation during intercritical annealing is significantly influenced by ferrite recovery and recrystallization, which affects the distribution and size of austenite [20,21,22]. The study of Yang et al. [20] indicates that austenite first forms on boundaries between elongated unrecrystallized ferrite grains during intercritical annealing, resulting in the band-like distribution of some austenite in steel parallel to the rolling direction. Some researchers proposed that complete recrystallization of the deformed structure in DP steel before austenite formation provides a random distribution of austenite; but, incomplete recrystallization gives rise to the formation of banded austenite grains [21,22]. However, the ferrite grains in the 35% and 75% cold reduction sheets grew into equiaxed shape through recovery and recrystallization at intercritical annealing, resulting in the retained austenite mainly presenting as blocky (or granular) type in the 35%—Q&P sample and 75%—Q&P sample. The grain size of the retained austenite is influenced by ferrite recovery and recrystallization. It is believed that the ferrite-austenite transformation is controlled by C diffusion [23]. When ferrite recrystallization occurs during intercritical annealing, the refined ferrite grain reduces the diffusion path of C from the ferrite grain to the grain boundary. The grain size of the recrystallized ferrite in the 35%—Q&P sample was smaller than that in the 75%—Q&P sample, which was conducive to the diffusion of C and promoted the homogenization of C distribution in austenite grains. The uniform distribution of C in the austenite grains can inhibit the occurrence of the austenite-martensite transformation at the local C-poor region within austenite grains during quenching. This may explain why the percentage of retained austenite with a size over 0.25 μm2 in the 35%—Q&P sample was higher than that in the 75%—Q&P sample. Meanwhile, the study of Ding et al. [24] indicates that small-sized recrystallized ferrite grains can inhibit the growth of adjacent austenite grains and refine the austenite grain size. The finer, recrystallized ferrite grains in the 35%—Q&P sample led to a percentage of retained austenite with size below 0.05 μm2, higher than that in the 75%—Q&P sample.



Furthermore, the prior cold rolling can directly influence the kinetics of austenite formation during intercritical annealing. It was considered that phase transformation in deformed ferrite was faster than recrystallization [25]. Compared with the 35% cold reduction sheet, the 75% cold reduction sheet with higher storage energy was more prone to ferrite-austenite transformation during intercritical annealing. This led to a larger grain size of austenite in the 75% cold reduction sheet than in the 35% cold-rolled sheet after intercritical annealing. In addition, the finer recrystallized ferrite grains in the 35% cold-rolled sheet also refined the adjacent austenite grains. The coarser austenite grains in the 75% cold reduction sheet had lower thermal stability, which led to the transformation of more austenite to M1 during the primary quenching. Meanwhile, the coarser austenite in the 75% cold reduction sheet was not conducive to C diffusion, which led to the uneven distribution of C in the austenite grains after the partitioning process. M2 formed in the C-poor region within the austenite grains at the second quenching stage, resulting in the formation of M2/A islands. This is the reason why the amount of retained austenite in the 35%—Q&P sample was higher than that in the 75%—Q&P sample.




4.2. The Relationship between Microstructure and Mechanical Properties of Q&P Steel


The austenite transforms to strain-induced martensite (transformation-induced plasticity, TRIP) during plastic deformation, which can reduce the local stress concentration and delay the formation of microcracks, thereby improving the uniform elongation of the material [26]. In addition, the formed strain-induced martensite as a hard phase can increase the strength. Therefore, the TRIP effect is considered the key factor for Q&P steel with a good combination of strength and ductility [4,5,6]. The TRIP effect is influenced by the volume fraction and mechanical stability of austenite [4,5,6]. The 35%—Q&P sample with a higher content of retained austenite strengthened the TRIP effect, thereby improving the uniform elongation and tensile strength of the 35%—Q&P sample. In addition, some studies indicated that retained austenite with a different mechanical stability is conductive to continuous transformation and expands the range of the TRIP effect [27,28,29]. It is believed that morphology and size have great impact on the mechanical stability of retained austenite [4]. The study of Xiong et al. [10] indicated that film-type retained austenite distributed between martensite laths presents higher mechanical stability than that of blocky-type retained austenite. However, the retained austenite in the 35%—Q&P and 75%—Q&P samples mainly presented as blocky type. Therefore, the mechanical stability of the retained austenite in these two samples was mainly affected by grain size. The percentages of retained austenite with a size below 0.05 μm2 and over 0.25 μm2 in the 35%—Q&P sample were higher than those in the 75%—Q&P sample. Large-size retained austenite with low mechanical stability transforms to martensite at low strain, which can produce strain hardening and stimulate the transformation of small-size retained austenite with high stability to martensite at large strain, thus, strengthening the TRIP effect. Therefore, the uniform elongation of the 35%—Q&P sample was higher than that of the 75%—Q&P sample and is related to the higher volume fraction of retained austenite. Additionally, the uneven grain size of the retained austenite in the 35%—Q&P steel improved the uniform elongation.



The necking zone reflects the post-necking elongation on the stress-strain plots. The necking zone is mainly controlled by the stress concentration, the local microcrack initiation, and the crack propagation [30]. The necking zone of the 35%—Q&P sample was smaller than that of the 75%—Q&P sample, which may be related to the finer recrystallized ferrite grains in the 35%—Q&P sample. Stress concentration and void nucleation usually occur at the phase interface or the grain boundary [31]. The study of Rykavets et al. [32] also indicated that the microcracks are mainly located at the phase interface. A smaller grain size with higher grain boundary density is conductive to dimple nucleation at the grain boundary [33]. The voids form along the interface, and the microcracks are formed. The finer recrystallized ferrite grains in the 35%—Q&P sample facilitated the formation of voids and microcracks, explaining why the necking zone range in the 35%—Q&P sample was smaller than that in the 75%—Q&P sample. In addition, more void nucleation points reduced the average dimple size of fracture [33], resulting in the void size of the 35%—Q&P sample being less than the 75%—Q&P sample.





5. Conclusions


	
Compared with the 75%—Q&P sample, the 35%—Q&P steel had finer recrystallized ferrite grains and smaller average grain size of retained austenite, as well as a more uneven size distribution.



	
The 35%—Q&P sample had better total elongation (19.18% vs. 18.11%) and higher PSE (24.37 GPa·% vs. 21.09 GPa·%) than the 75%—Q&P sample.



	
The higher PSE of the 35%—Q&P sample may be related to the higher content and uneven size distribution of retained austenite, which can strengthen the TRIP effect and improve its uniform elongation.
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Figure 1. (a) Expansion curve of hot-rolled 0.2C–1.7Si–1.9Mn wt% steel during heating and cooling processes and (b) Q&P treatment adopted in this study. 
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Figure 2. OM and SEM micrographs of (a,b) initial HR, (c,d) 35%, and (e,f) 75% cold reduction 0.2C–1.7Si–1.9Mn wt% sheets. B, F, and M refer to bainite, ferrite, and martensite, respectively. The rolling direction (RD) is shown in (f). 
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Figure 3. SEM micrographs of (a) 35%—Q&P sample and (b) 75%—Q&P sample. M1, M2/A, R–F, UR–F, and RA in figures refer to primary martensite, secondary martensite/retained austenite, recrystallized ferrite, unrecrystallized ferrite, and retained austenite, respectively. 
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Figure 4. The image quality micrographs of (a) 35%—Q&P sample and (b) 75%—Q&P sample analyzed by EBSD, (c) grain size distribution of retained austenite in 35%—Q&P sample and 75%—Q&P sample. 
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Figure 5. The TEM micrographs of (a,b) 35%—Q&P sample and (c,d) 75%—Q&P sample. 






Figure 5. The TEM micrographs of (a,b) 35%—Q&P sample and (c,d) 75%—Q&P sample.



[image: Metals 12 00799 g005]







[image: Metals 12 00799 g006 550] 





Figure 6. XRD spectra of 35%—Q&P sample and 75%—Q&P sample. The volume fractions of retained austenite of the two samples are presented in the figure. 
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Figure 7. The engineering stress-strain plots of 35%—Q&P sample and 75%—Q&P sample. 
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Figure 8. (a) True stress-strain plots and (b) strain-hardening rate plots of 35%—Q&P sample and 75%—Q&P sample. 
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Figure 9. Low and high magnification fractography of fracture surfaces of (a,b) 35%—Q&P sample and (c,d) 75%—Q&P sample. 
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Table 1. The yield strength (YS), tensile strength (TS), total elongation (EL), and product of strength and elongation (PSE) of 35%—Q&P sample and 75%—Q&P sample.
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	Samples
	YS/MPa
	TS/MPa
	EL/%
	PSE/GPa·%





	35%—Q&P
	513
	1194
	19.18
	24.37



	75%—Q&P
	536
	1164
	18.11
	21.09
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Table 2. The true strain (εT) ranges of uniform plastic deformation zone and necking zone of 35%—Q&P sample and 75%—Q&P sample.
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	Sample
	Uniform Plastic Deformation Zone
	Necking Zone





	35%—Q&P
	εT < 0.145
	0.145 < εT < 0.159



	75%—Q&P
	εT < 0.137
	0.137 < εT < 0.156
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