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Abstract

:

Quenching and partitioning (Q&P) processes were applied to a cold-rolled high strength steel (0.19C-1.26Si-2.82Mn-0.92Ni, wt %). The effects of the prior hot-rolled microstructure on the optimum quenching temperature of the studied steels were systematically investigated. The microstructure was analyzed by means of transmission electron microscope (TEM), electron backscatter diffraction (EBSD) and X-ray diffraction (XRD). Compared with the ferrite pearlite mixture matrix, the lower martensite start (Ms) temperature and smaller prior austenite grain size in the cold-rolled martensite matrix are the main reasons for the optimum quenching temperature shifting to a lower temperature in the Q&P steels. We found that an empirical formula that only considers the influence of the alloy composition in the calculation of the Ms temperature will cause a certain interference to the pre-determined optimum quenching temperature of the Q&P steel.
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1. Introduction


Advanced high-strength steels (AHSS) are widely used in automobiles to ensure good fuel economy and safety. Quenching and partitioning steel (Q&P steel), one of the representative steels of the third generation of AHSS, promises a further improvement of the mechanical properties via moderate microstructural design [1,2,3,4]. The Q&P process includes two steps, the quenching and partitioning processes. The mixed microstructure of martensite and untransformed retained austenite is first obtained in the quenching stage by adjusting the quenching temperature between the martensite strat (Ms) temperature and martensite finish (Mf) temperature. The subsequent partitioning is commonly carried out at a temperature slightly higher than the quenching temperature in order to stabilize the retained austenite through carbon partitioning from supersaturated martensite. The microstructure of fully austenitized Q&P steel, including stable retained austenite and carbon-depleted martensite ensures the high strength and plasticity of Q&P steel.



A large number of studies of Q&P steels have focused on the effect of the quenching and partitioning parameters on the microstructure and mechanical properties of Q&P steels [5,6,7,8]. The exploration of the composition of Q&P steel alloys is mainly concentrated on low alloy systems. The improvement of austenite-stabilizing elements, especially the increase of the manganese content, has been proved to be beneficial to obtaining a greater proportion of retained austenite [9,10,11,12,13] at room temperature, thereby obtaining good mechanical properties.



Reference [14] describes a quantitative study of the relationship between the multiphase microstructure and mechanical properties. A good correlation between the fraction of initial martensite (or primary martensite or tempered martensite) and the yield strength was obtained. Generally, the proportion of primary martensite is determined by the quenching temperature. The constrained carbon equilibrium (CCE) model [2] can be used to predict the endpoint of the carbon partitioning to austenite. The optimum quenching temperature, which will contribute to a maximum amount of retained austenite, is usually predicted in combination with the Koistinen-Marburger (K-M) relationship [15]. However, the inaccuracy of the K-M relationship for finding the proportion of martensite, the inevitable precipitation of carbides in the complex multicomponent alloy composition system [16,17], austenite/martensite interfacial migration [18,19] and other factors that may affect the Ms temperature prediction, such as austenite grain size [20] and heterogeneous alloying elements, can affect the accuracy of the prediction. The CCE balance equation can be used as a reference for experimental design, while the final retained austenite fraction must be verified by experimental methods such as electron backscatter diffraction (EBSD) and X-ray diffraction (XRD).



In fact, the best mechanical properties depend not only on the respective proportions of each phase but also on the grain size and the grain distribution and morphology. The presence of coarse martensite laths leads to early strain localization, especially when they are in the vicinity of untempered martensite islands [21]. The excessive inhomogeneous microstructure and blocky retained austenite with low stability accelerate the failure of the material with Mn segregation banding. In contrast, fine lath-like ferrites with a greater contact ratio to the surrounding martensites improve the microstructural homogeneity during the pre-quenching process, and results in optimal mechanical properties [22]. Besides, the microstructure prior to Q&P may also the affect the subsequent evolution of the microstructure, and a fine prior austenite grain at a low austenitizing temperature contributes to a large volume fraction of retained austenite, especially the blocky retained austenite along the prior grain boundaries, and effectively improves the uniformity of the microstructure [23]. In the present work, the influence of three different types of hot-rolled microstructure on the final cold-rolled quenching and partitioning steel were systematic studied, especially the rational design of the optimum quenching temperature, and its relationship to the prior austenite grain size inherited from the three different matrixes.




2. Experiment


2.1. Optimum Quenching Temperature Selection


The composition of the investigated steel studied in this work was 0.19C-1.26Si-2.82Mn-0.92Ni (wt %). The material was smelted in a vacuum induction furnace and cast into a bullet-shaped cast iron mold. The 25 kg bullet-shaped ingot was heated above 1000 °C and hot-forged into several rectangular ingots (30 mm × 75 mm × 100 mm) for convenient rolling. The ingots were homogenized at 1200 °C for 1 h, then were hot rolled to a final thickness of 2.8 mm with an open rolling temperature of 1150 °C and a finishing temperature of 900 °C, acceleration cooled by water jets to 660 °C and transferred to a furnace for coiling simulations. The microstructure after hot-rolling consisted of ferrite and pearlite (FPM). A 2 × 20 × 400 mm3 rectangular specimen (with the oxide layer removed by machining both surfaces) was cut from the hot-rolled plate mentioned above, then cold-rolled to 1.2 mm.



Before the quenching and partitioning process, the austenite formation temperatures (Ac1 and Ac3)and Ms temperature were measured using the dilatometric method, as shown in Table 1. A φ4 × 10 mm2 specimen machined from the ingot was heated at 0.05 °C/s to 1000 °C for 10 min followed by cooling at 50 °C/s to room temperature on a dilatometer machine (DIL805A, BAHR-Thermoanalyse GmbH, Hullhorst, Germany). According to previous studies [23,24], treatment at a temperature close to Ac3 can refine the austenite grain size. Thus, the austenitizing parameter of the investigated steel was selected as 820 °C for 5 min. All the samples were partitioned at 400 °C for 5 min. The optimum quenching temperature was selected by both theoretical calculations and experimental simulations.



The optimum quenching temperature (201 °C) was first calculated using the CCE model combined with the empirical relation (Equation (1)) [25,26,27] and K-M relationship (Equation (2)), as shown in Figure 1.


      M s  = 539 − 42300 C − 3040 Mn − 750 Si − 1770 Ni     



(1)






      f M   T q      = 1 − e   −   1.1 × 10   − 2    (   M s    − T  q   )        



(2)







Five different temperatures were designed to obtain different primary martensite fractions based on the K-M relationship, as shown in Figure 2. The corresponding quenching temperature and the primary martensite fraction were 125 °C (90%), 190 °C (80%), 250 °C (60%), 290 °C (40%) and 315 °C (20%). In subsequent X-ray diffraction tests, the three temperature (190 °C, 250 °C and 290 °C) specimens with the highest retained austenite fraction were subjected to tensile tests. Therefore, the optimum quenching temperature was finally confirmed as 190 °C, contributing to the best mechanical properties.




2.2. Preparation and Heat Treatment Parameters of the Three Matrixes


The above microstructure after hot-rolling consisted of ferrite and pearlite (FPM). In this article, we designed another two different microstructures, fresh martensite matrix (FMM) and tempered martensite matrix (TMM). A 2 × 20 × 400 mm3 rectangular specimen was cut from a hot-rolled plate, as mentioned above, then heated at 5 °C/s to 850 °C and held for 5 min, before finally being cooled at 50 °C/s to room temperature using a continuous annealing simulator (CCT-AY-II, Ulvac-Riko INC., Tokyo, Japan) to obtain the fresh martensite matrix. The other specimen was subjected to the same quenching process, and then tempered at 400 °C for 5 min to obtain the tempered martensite matrix. These specimens were also cold-rolled to 1.2 mm. Since the cold rolling reduction rate did not exceed 50%, cracking did not occur at the edge of the cold-rolled sheet. The tensile strength of each sample was measured and recorded using a tensile test before cold rolling. Correspondingly, the tensile strength of the FPM sample was 1094 MPa, that of the FMM sample was 1884 MPa, and that of the TMM sample was 1554 MPa.



The quenching and partitioning processes (which was the same for the FPM sample with a quenching temperature of 190 °C) were applied to the FMM and TMM cold-rolled plates. Additional dilatometer tests were performed to better analyze the differences in the mechanical properties. The corresponding martensite start (Ms) temperatures were measured under the same austenitizing parameters. Specifically, the 4 × 10 mm2 rectangular specimens of three matrix cold-rolled plates were heated at 5 °C/s to 820 °C and held for 5 min, and finally cooled at 50 °C/s to room temperature. The entire experimental design roadmap and specific heat treatment parameters are shown in Figure 3. In addition, the heat treatment and tensile tests at lower quenching temperatures, such as 160 °C, were also added to the FMM and TMM samples to support our conclusions.




2.3. Testing Parameters


The tensile properties were obtained using the uniaxial tensile test, which was performed at a crosshead speed of 1.0 mm/min with a gauge length of 25 mm. The twin-jet polishing technique (5% perchlorate alcohol at −30 °C, applied potential of 50 V) was implemented to prepare thin foil samples for the TEM observation (JEM 2100, Japan Electronics Co., Ltd., Tokyo, Japan)). Electron backscatter diffraction (EBSD) was performed on the samples with a step size of 0.05 μm using a Zeiss ULREA 55-type field emission electron scanning electron microscopy (Zeiss ULREA 55-type, Oberkochen, Germany) equipped with an HKL Nirdlys F+ probe (OXFORD Instruments, Oxford, UK). X-ray diffraction (XRD) was performed on the D/MAX-RB (Rigaku Corporation, Tokyo, Japan) operating at 45 kV and 150 mA, and the 2θ containing the three austenite peaks ({200}, {220} and {311}) and two martensite peaks ({200}, {211}) were scanned in order to estimate the fraction of retained austenite with a step size of 0.02° using Cu-Kα radiation. The austenite lattice parameter    a γ    (10−1 nm) of the samples was determined by the position of the maximum of each austenite reflection, and the manganese content    x  Mn     (wt %) was considered to be homogeneous and constant in the steel. Thus, the average carbon concentration    x c    (wt %) of the austenite was approximately obtained by using the equations provided in [28,29], while the influence of Si and Ni on the lattice parameters of austenite was assumed to negligible. The surface of the samples for the EBSD and XRD tests were electrolytically polished in a mixture reagent of 20% perchloric acid and 80% ethanol with a voltage of 15 V for 20–30 s.


      a γ  = 3.556 +   0.0453 x  c  +   0.00095 x   Mn       



(3)









3. Results and Discussion


3.1. Optimum Quenching Temperature


The average carbon content and fraction of retained austenite under different quenching temperatures was detected by XRD, as shown in Figure 4. The average carbon content of the retained austenite increased with the decrease of the quenching temperature. The different primary martensite fractions influenced by the various quenching temperatures account for the phenomenon. With the decreasing quenching temperature, more primary martensite formed in the first quenching process. The carbon enrichment of the retained austenite occurred more easily during the partitioning process, since the higher primary martensite fraction at the lower quenching temperature ensures sufficient carbon diffusion into the retained austenite. In terms of the sample quenched at 315 °C, the lowest primary martensite fraction of 20%, estimated by the K-M relationship during the first quenching process, can hardly provide sufficient carbon to stabilize the retained austenite with a fraction of 80% during the partitioning process. Therefore, it has the lowest average carbon content.



The difference in results between the retained austenite fraction obtained through theoretical calculation (Figure 1) and practical (XRD) measurement (Figure 4) is expected. As mentioned earlier, both the inevitable precipitation of carbides and austenite/martensite interfacial migration are neglected in the CCE model, and the deviation of the K-M equation itself in the prediction of the martensite fraction as well as the computing error of the Ms temperature by the empirical relation (Equation (1)) will all affect the accuracy of the theoretical calculation shown in Figure 1. In addition, as shown in the TEM photographs (Figure 5), the presence of floc-like carbides inside the tempered martensite laths in the FPM190 sample also demonstrates the inevitability of carbide formation during the partitioning process. Although the quenching temperature varied from 190 °C to 290 °C, the retained austenite fraction of all three samples remained at a similar level (above 14%). The corresponding mechanical properties after the tensile tests are shown in Figure 6. Although there is no highest retained austenite content in FPM190, it exhibits good overall mechanical properties with both a tensile strength exceeding 1400 MPa and a total elongation exceeding 15%. The lower quenching temperature of 190 °C resulted in the higher primary martensite fraction after the quenching process. Accordingly, the prior austenite grains were divided into the smaller retained austenite grains. Similar conclusions were reported in a previous paper [30]. In other words, the more primary martensite, the smaller the retained austenite grain size. Therefore, the stability of the retained austenite can be enhanced. The microstructure under the EBSD experiment, as shown in Figure 7, fits well with this explanation. Compared with the microstructure of FPM190, there is significantly more large-sized blocky fresh martensite in FPM250 and FPM290. The higher quenching temperatures of 250 °C and 290 °C result in a lower primary martensite fraction after the quenching process. Thus, unlike the small austenite grains divided by the primary martensite in FPM190, the large-sized blocky austenite will be retained in both FPM250 and FPM290. During the subsequent partitioning process, these large-sized blocky austenite grains, if not fully carbon-enriched and stabilized, will become fresh martensite in the second quenching process. The presence of such blocky fresh martensite is the main reason for the premature failure of materials [31,32], and should be avoided in Q&P steels in order to obtain better mechanical properties.




3.2. Ms Temperature and Microstructure Characterization under Different Matrixes


The same heat treatment process with an optimum quenching temperature of 190 °C was applied to the respective cold-rolled plates of three different hot-rolled microstructures. It is worth noting that the mechanical properties of both the fresh martensite and tempered martensite matrix samples were totally different from the ferrite and pearlite matrix sample, as shown in Figure 8. Another lower quenching temperature of 160 °C was added for further investigation, the tensile properties of which are also shown in Figure 8. It is evident that the overall mechanical properties of the FMM and TMM samples significantly improved as the quenching temperature was reduced to 160 °C. This means that the optimum quenching temperature was likely to have shifted to lower temperatures in both the fresh martensite and tempered martensite matrix samples.



The dilatometer results of the three matrix cold-rolled microstructures also accounts for the abovementioned tensile properties and the fact that the optimum quenching temperature shifted to a lower temperature. After the same austenitizing treatment and subsequent rapid cooling to room temperature, the corresponding Ms temperatures of the three samples exhibited different values, as shown in Figure 9. The Ms temperatures of both the FMM and TMM samples had a similar value of about 281 °C, while the Ms temperature of the FPM sample had the higher value of 315 °C. These values are different from the Ms temperature of 334 °C of the sample previously machined from the ingot, that is, both the rolling process and the subsequent heat treatment process had a non-negligible effect on the Ms temperature. This change of Ms temperature directly lead to the difference in the optimum quenching temperature of these three different matrix samples.



As the research indicates [33,34,35], the Ms temperature decreases with the reduction of the prior austenite size. In order to show the differences in microstructure, we depicted the prior austenite grain with the help of EBSD, as shown in Figure 9. Most of the boundaries created during the martensite transformation were either low angle boundaries (<15 °) or high angle boundaries in the range from 50° to 63° [36]. Consequently, the possible prior austenite grain boundaries are characterized, with a misorientation between 18° and 47°, by solid white lines in Figure 9. The prior austenite grain size of the FPM sample was significantly higher than that of the other two samples, which was consistent with the difference in the Ms temperatures. Therefore, the fine prior austenite grain size resulting from the cold rolling of the martensitic matrix was the main reason for the optimum quenching temperature shifting to a low temperature in the Q&P steels.




3.3. Modified Empirical Formula


We re-examined the accuracy of the method in calculating the optimum quenching temperature using the CCE balance equation and empirical formula. Table 2 shows the Ms temperature measured by the dilatometric method and the Ms temperature provided by the empirical formula; ΔT indicates the difference the between the measured value and the calculation results. Subsequently, this difference was introduced into the empirical formula in Equation (1), as shown in Equation (4). The modified empirical formula was combined with the CCE balance equation to re-estimate the optimum quenching temperature. The corresponding results are shown in Figure 10.


     M s  = 539 − 42300 C − 3040 Mn − 750 Si − 1770 Ni − Δ T    



(4)







Obviously, for the empirical formula as in Equation (1), simply considering the alloy composition to estimate the Ms temperature is not completely accurate. This difference is also one of the reasons for the difference between the theoretical calculation and the actual optimum quenching temperature. The theoretically calculated optimum quenching temperature varies significantly with the Ms temperature. The optimum quenching temperature is transferred from the highest value of 201 °C to the lowest temperature of 152 °C, corresponding to the steel ingot sample with a Ms temperature of 334 °C and the cold-rolled martensite matrix sample with a Ms temperature of 281 °C, respectively. Ignoring the deviation between the theoretical calculation and the actual optimum quenching temperature, we found that there is a certain relationship between the difference in Ms temperature in the three matrix samples and the optimum quenching temperature. Specifically, the actual optimum quenching temperature of 160 °C for the martensitic matrix sample is about 30 °C lower than that of 190 °C for the cold-rolled ferrite pearlite mixture matrix sample. Similarly, the theoretically calculated optimum quenching temperature also had a difference of 25 °C (177 °C–152 °C). Correspondingly, the Ms temperature difference was about 34 °C (315 °C–281 °C). In general, even with the same heat treatment, the three different cold-rolled matrixes of the same alloy composition exhibited different mechanical properties and microstructures, mainly due to differences in the actual optimum quenching temperature and the Ms temperature influenced by the prior austenite grain size.





4. Conclusions


In this paper, the effect of different matrixes after cold rolling on subsequent Q&P parameters was systematically studied. For Q&P-treated ferrite and pearlite matrix samples, despite having a high retained austenite fraction at both the quenching temperatures of 250 °C and 290 °C, a large amount of massive blocky fresh martensite is present, leading to premature fracturing during stretching, while at the optimum quenching temperature of 190 °C, the fine uniform microstructure without the fresh martensite contributes to good overall mechanical properties.



The same Q&P process was applied to the cold-rolled sheet of both fresh martensitic matrix and tempered martensite samples, and the mechanical properties of the three samples exhibited significant differences. Various prior austenite grain sizes and Ms temperatures, which were verified by dilatometric curve analysis and EBSD map observation, account for the differences existing in the optimum quenching temperature and the resultant mechanical properties. Compared with the higher Ms temperature of 315 °C in the cold-rolled ferrite and pearlite matrix sample, the reduction of the Ms temperature in the cold-rolled martensitic matrix samples (281 °C in FMM and 283 °C TMM) is the primary reason for the transfer of the optimum quenching temperature from 190 °C to 160 °C. Besides, the empirical formula simply considering the alloy composition when estimating the Ms temperature will cause a certain interference to the prediction of actual optimum quenching temperature in the Q&P steels.
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Figure 1. Theoretical calculation of the optimum quenching temperature. 
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Figure 2. Different primary martensite fractions based on the K-M relationship. 
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Figure 3. Entire experimental design roadmap and specific heat treatment parameters. 
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Figure 4. Retained austenite fractions and average carbon content under different quenching temperatures (a) and the corresponding X-ray diffraction patterns (b). 
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Figure 5. Transmission electron micrographs of the FPM190 sample. The blue area in (a) is partially enlarged in (b), showing the floc-like carbides existing in the martensite lath. 
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Figure 6. Engineering stress-strain curves of the ferrite and pearlite matrix after the Q&P process under different quenching temperatures. 
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Figure 7. Electron backscatter diffraction analysis results of the samples (a) FPM190, (b) FPM250, (c) FPM290, combined band-contrast map of martensite and an orientation map of retained austenite; The inset shows the inverse pole-figure map for the austenite phase in (a–c). The “FM” denotes the fresh martensite. 
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Figure 8. Engineering stress–strain curves of three different matrixes after the Q&P process. 
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Figure 9. Dilatometric curves and EBSD band–contrast maps of different microstructures after cold rolling (a,d) FPM, (b,e) FMM and (c,f) TMM samples. 
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Figure 10. Theoretical calculation of the optimum quenching temperature influenced by different Ms temperatures. 
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Table 1. Phase transformation parameters.
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	Phase Transformation Parameters
	Ac1/°C
	Ac3/°C
	Ms/°C





	value
	723
	803
	334
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Table 2. The measured and calculated Ms temperature.
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Dilatometric Method

	
Empirical Formula




	
Sampling Source

	
Steel Ingots

	
FPM

Cold-Rolled

	
FMM

Cold-Rolled

	
TMM

Cold-Rolled






	
Ms/°C

	
334

	
315

	
281

	
283

	
347




	
ΔT/°C

	
13

	
32

	
66

	
64

	
0
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