Extra work hardening in room-temperature quenching and partitioning medium Mn steel enabled by intercritical annealing
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Abstract
The present work applies an intercritical annealing process on a room-temperature quenching and partitioning (RT Q&P) medium Mn steel. It is found that the intercritical annealing maintains the amount of austenite while improves its mechanical stability. The reverse transformation during the intercritical annealing competes with the martensitic transformation during the quenching, resulting in a similar quantity of austenite after the intercritical annealing. Both reverse transformation and martensitic transformation help to refine the austenite grain size and facilitate C enrichment, enhancing the austenite stability. The intercritical annealing improves both ultimate tensile strength and uniform elongation of RT Q&P medium Mn steel, which is ascribed to an extra work hardening resulted from the improved austenite stability.
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1. Introduction 
Quenching and partitioning (Q&P) steel generally has a dual-phase microstructure consists of retained austenite and martensite [1]. The martensite is formed during quenching while the austenite grains are reserved through C enrichment during partitioning [2]. The work hardening behaviour of Q&P steel is mainly governed by the transformation-induced plasticity (TRIP) effect which is correlated to the martensitic transformation during the plastic deformation [3]. The effectiveness of the TRIP effect in improving the work hardening rate relies on the quantity of austenite and its mechanical stability [4]. Therefore, the target of Q&P process is to elevate the amount of austenite while maintaining proper mechanical stability, which could be realized by tuning the quenching temperature [5, 6], partitioning temperature [6, 7], partitioning time [6] and annealing temperature [8, 9].
In general, the Q&P treatment is a continuous thermal process that consists of quenching at a certain temperature followed by instantaneous partitioning at an elevated temperature. Recently, it is found that the quenching and partitioning can be completely separated by employing a room-temperature (RT) quenching [10, 11]. The key element in the RT Q&P process is the selection of room-temperature as the optimal quenching temperature in terms of austenite volume fraction and its stability [4, 10]. The tensile properties of RT Q&P steel can be improved by engineering dislocation using the warm rolling process [12, 13]. Nevertheless, the intercritical annealing (IA) which has been frequently utilized to produce a dual-phase microstructure of austenite and ferrite has not been attempted in the RT Q&P steel [14]. 
The present work finds that the IA does not change the austenite volume fraction in the RT Q&P steel, although the reverse transformation and martensitic transformation takes place during IA and quenching, respectively. Nevertheless, the IA can refine the austenite grain size through the reverse transformation and martensitic transformation, providing improved TRIP effect to enhance the work hardening behaviour. 

2. Experiments
The chemical composition of investigated steel is Fe-10Mn-0.2C-2Al-0.1V (in wt.%). The present steel strips with a thickness of 12 mm are prepared by sequential melting, casting, and forging processes [10]. The ASTM E8 tensile specimens prepared by wire cut have gauge dimensions of 25 mm×6 mm×4 mm for length, width, and thickness, respectively. A successive intercritical annealing at 800 oC for 10 mins, water quenching down to room-temperature (~25 oC), and tempering at either 300 oC or 350 oC for 10 mins is employed to fabricate the IA-RT Q&P steel. For comparison purposes, the RT Q&P steel is prepared by tempering the forged sample at either 300 oC or 350 oC for 10 mins, followed by water quenching down to room temperature. The tensile measurements are carried out under a crosshead speed of 1.2 mm/mins at ambient temperature. The mechanical property of constituting phases is measured by nanoindentation in a Hysitron TI 950 Triboindenter armed with a Berkovich indenter of a face angle of 65.3°. The classical continuous stiffness method is used to calculate the nanohardness [15]. The position of indents is determined by a scanning electron microscope (SEM) observation. The initial microstructure is characterized by SEM and electron backscattered diffraction (EBSD) in Zeiss Merlin Field Emission SEM. The step size of the EBSD measurement is either 0.5 m or 0.1 m. The distribution of the Mn element is determined by using energy-dispersive X-ray spectroscopy (EDX). The samples for EBSD and nanoindentation measurements are prepared by electro-polishing in a solution containing 15% perchloric acid and 85% ethanol (vol%). The martensitic transformation is captured by measuring the dilatation based on the Linseis L78 QD dilatometer. The austenite volume fraction is determined based on the integrated intensities of the diffraction reflections ((2 0 0)α, (2 1 1)α, (2 0 0)γ, (2 2 0)γ and (3 1 1)γ) obtained by the X-ray diffraction (XRD) measurements with a Co Kα radiation (~1.788 Å).

3. Results and discussions
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Figure 1: Initial microstructure of the forged sample. (a) EBSD phase image. Yellow color represents the austenite while red color shows the martensite. (b) The orientation map of the austenite phase overlapped with the band contrast image of martensite. (c) The distribution of Mn content in the forged sample. (d)-(e) SEM images. Llarge austenite; Ssmall austenite; ': martensite. (Colour image can be found online)

The initial microstructure of the forged sample consists of austenite and martensite as shown in Figure 1 (a)-(b). The austenite phase consists of large austenite grains (~22±4.8 μm) and small austenite grains (~1±0.34 μm) [16]. The Mn distribution in austenite grains is inhomogeneous which could be ascribed to the Mn segregation (Figure 1 (c)) [17]. The amount of Mn content is estimated to be 11 wt.% and 9 wt.% for the large and small austenite grains, respectively [16]. The SEM observation confirms the presence of austenite with different grain sizes in the forged sample (Figure 1 (d)-(e)). The austenite volume fraction is around 0.31 according to the XRD test (Table 1).
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Figure 2: (a) The continuous cooling curve of the present steel after annealing at 800 oC for 10 mins, showing the occurrence of martensitic transformation during quenching down to room-temperature. (b) The dilatational curve during the tempering process at 300 oC for 10 mins, demonstrating negligible phase transformation during tempering and final quenching.

The formation of martensite during the quenching process after the intercritical annealing is captured by a dilatometry test. The martensite start (Ms) temperature is estimated to be 145 oC according to the tangent method (Figure 2 (a)) [18]. The martensitic transformation does not reach the typical plateau during the quenching process (Figure 2 (a)), which could be due to both high austenite stability and prior intercritical annealing process. The phase transformation is negligible during tempering at 300 oC and the austenite grains are stable during the final quenching (Figure 2 (b)). 
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Figure 3: Initial microstructure of the present IA-RT Q&P steel. (a) EBSD phase image overlapped with the band contrast map. Yellow: austenite; red: martensite/ferrite. (b) The orientation map of austenite overlapped with the band contrast map of martensite/ferrite. (c) The XRD profile. (d) The evolution of austenite volume fraction with respect to thermal processing. RT-Q: room-temperature quenching. (Colour image can be found online)

The initial microstructure of IA-RT Q&P steel is shown in Figure 3 (a)-(c). By comparing to the forged sample (Figure 1 (a)), the austenite grain size treated by IA-RT Q&P is smaller (Figure 3 (a)), which could be ascribed to the martensitic transformation during quenching (Figure 2 (a)). A grain orientation spread is found in the large austenite grains (Figure 3 (b)), owing to the accommodation of transformation strain associated with the martensitic transformation [19]. The orientation image confirms that the small austenite grains within the same prior austenite grain (PAG) have the same orientation (Figure 3 (b)), which may suggest that these small austenite grains are not reversely transformed from the lath martensite. The austenite volume fraction is found to be 0.29 based on the XRD profile (Figure 3 (c) and Table 1). The austenite volume fraction in the IA-RT Q&P steel is comparable to the RT Q&P steel (Figure 3 (d) and Table 1). Since the phase transformation does not take place during the tempering process (Figure 2 (b)), the similar austenite volume fraction suggests that the reverse transformation should take place during the intercritical annealing to compensate the reduced austenite volume fraction resulted from martensitic transformation during the quenching process (Figure 2 (a)). 
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Figure 4: (a) SEM image showing the presence of lath martensite in large austenite grains. Llarge austenite; ': martensite. (b) SEM image displaying the presence of small austenite grains (S surrounded by tempered martensite ('t). (c) Enlarged view of the dashed rectangle in (b). (d) SEM image demonstrating the presence of reversed austenite grains (rev) and ferrite () with lamellar morphology.

The large fresh martensite is observed in the large austenite grains of IA-RT Q&P steel (Figure 4 (a)). Considering the transformation sequence of martensite, the large martensite should transform earlier than the small martensite [20]. The fresh state of large martensite suggests that it may transform during the quenching process after the intercritical annealing. The Mn content of large austenite grains is determined to be 11.5 wt.%, which is similar to the large austenite grains in RT Q&P steel. The tempered martensite is found in IA-RT Q&P steel (Figure 4 (b)-(c)) and it could be subject to tempering during the intercritical annealing. Some small austenite grains with equiaxed morphology are enclosed by the tempered martensite (Figure 4 (b)-(c)), suggesting that they could remain intact during the intercritical annealing and quenching process. These small austenite grains have Mn content of 10 wt.%. Some small austenite grains have a lamellar morphology and are close to either ferrite or tempered martensite (Figure 4 (d)). It is reported that martensite is initially tempered during the heating process, resulting in the precipitation of cementite at its lath boundary [21]. The austenite could then nucleate on the cementite and grows along the lath boundary, resulting in the lamellar morphology of austenite grains. Thus, the small austenite grains with lamellar morphology could be reversely transformed from the lath martensite. The reversed austenite grains have Mn content of 9.5 wt.%. 
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Figure 5: (a) Engineering stress-strain curves of the present steels. (b) The true stress-strain curves and (c) the work hardening curves.

The tensile properties of the current steels treated by different thermal processes are shown in Figure 5 (a). Although the yield strength is decreased by around 180 MPa after the intercritical annealing, the corresponding ultimate tensile strength is increased by about 30 MPa after the intercritical annealing (Figure 5 (a) and Table 1). Moreover, the intercritical annealing improves the tensile uniform elongation up to 18.2%-20.5%. Consequently, the true ultimate tensile strength is obviously improved after the intercritical annealing (Figure 5 (b)). A typical plateau at the true strain regime of 2-5% is observed in the IA-RT Q&P steel, while it is absent in the RT Q&P steel (Figure 5 (c)). The IA-RT Q&P steel demonstrates enhanced work hardening behaviour at the strain regime beyond the plateau until necking (Figure 5 (c)). Therefore, an extra work hardening is observed in the present steel after the intercritical annealing (Figure 5 (c)).

Table 1 Microstructure and tensile properties of the investigated steel grades.
	Sample
	V
	YS (MPa)
	UTS (MPa)
	UE (%)
	TE (%)

	RT Q&P
	0.31
	685±57
	1554±49
	15.9±1.3
	18.5±1.1

	IA-RT Q&P
	0.29
	504±15
	1587±58
	19.3±1.2
	21.6±2.2


V, austenite volume fraction prior to the tensile test; YS, yield strength; UTS, ultimate tensile strength; UE, uniforms elongation; TE, total elongation. Errors represent the standard deviation.
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Figure 6: (a) The evolution of austenite volume fraction with respect to true strains. (b) The transformation rate of austenite grains during the tensile test. 

Since the austenite volume fraction is similar between the IA-RT Q&P steel and RT Q&P steel (Figure 3 (d)), the difference of work hardening behaviour may lie in the austenite mechanical stability. The austenite volume fraction in the present IA-RT Q&P steel exhibits a retarded decrease with true strains (Figure 6 (a)). The kinetics of martensitic transformation during plastic deformation has been established by Olson–Cohen as below [22]: 

		 
where f' is the martensitic transformation rate.  indicates the nucleation rate from the shear bands, while  describes the possibility of a martensitic embryo resulted from the shear bands. The best-fitting to the experimental results by using the Olson–Cohen model yields a value of 5.2 and 11.5 for  and for RT Q&P steel, while it is 3.2 and 12 for  and for IA-RT Q&P steel (Figure 6 (b)). The value of is similar between these two steels. However, the  value of RT Q&P steel is larger than the IA-RT Q&P steel, indicating that the intercritical annealing decreases the nucleation rate from the shear bands [22]. 
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Figure 7: (a) SEM image showing the indentation impressions in the present IA-RT Q&P steel. (b) Typical load-displacement (P-h) curves of austenite with different grain sizes. The insets in (b) are the SEM images showing the indents on the individual grains. Arrows in (b) mark the strain burst which is commonly known as pop-in in P-h curves.

To verify the varied austenite stability, the nanoindentation measurement is performed on the IA-RT Q&P steel. The position of the indents is determined by the post-analysis using the SEM observation (Figure 7 (a)). Figure 7 (b) shows the typical load-displacement (P-h) curves of austenite with varied grain sizes. The elastic deformation of austenite can be investigated by the Hertzian solution which relates the applied load (P) to the indentation depth (h) as below [23],

[bookmark: ZEqnNum920355]		
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where Ri=200 nm is the effective radius of the indenter. E and v are Young’s modulus and Poisson’s ratio of the indenter, respectively. The subscript r, i and s represent the representative, indenter, and specimen, respectively. Taken Ei=1140 GPa, Es=187 GPa , vi=0.07 and vs=0.3 [24, 25], the Hertzian solution is shown in Figure 7 (b). Beyond the Hertzian solution, the austenite grains deform plastically (Figure 7 (b)). The plastic deformation of austenite with varied grain sizes associates with the occurrence of the strain burst (or pop-in) (Figure 7 (b)), which could manifest the formation of martensite beneath the indenter [26-28]. The first pop-in load during the plastic deformation of austenite represents the stability of retained austenite grains [27]. It is found that such pop-in load in small austenite grains is smaller as compared to large austenite grains (Figure 7 (b)), suggesting that small austenite grains are less stable, which could be due to their lower Mn content.
Despite the lower yield strength, the present IA-RT Q&P steel demonstrates enhanced work hardening behaviour, achieving a better combination of tensile strength and ductility (Figure 5). The improved work hardening behaviour could be due to the enhanced austenite stability after the intercritical annealing (Figure 6). The austenite stability is governed by grain size [29], chemical composition [30], morphology [31], and dislocation density [32]. Although the large austenite grains are subjected to dislocation recovery during annealing, the formation of martensite during the quenching process can deform the austenite matrix [19]. In other words, the dislocation density in large austenite grains may not be the main factor for the difference in mechanical stability. Nevertheless, the generation of lath martensite during quenching refines the large austenite grains (Figure 1 (a)-(b) and Figure 3 (a)-(b)) and could facilitate the C partitioning during the tempering at 300 oC [2]. Moreover, the reverse transformation results in the formation of ultrafine austenite grains with lamellar morphology (Figure 4 (d)) and allows the C partitioning between newly transformed austenite and adjacent ferrite. It is found that the average C content of austenite is increased for around 0.14 wt.% after the intercritical annealing, which is estimated from the lattice parameter using the XRD measurement. The Mn content in the different types of austenite grains remains similar after the intercritical annealing at 800 oC for 10 mins. Besides, both martensitic transformation and reverse transformation could increase the aspect ratio of austenite grains (Figure 3 (a)-(b) and Figure 4 (d)). It is reported that the blocky austenite is less stable than the filmy austenite [31]. Thus, the increased aspect ratio of austenite may contribute to its mechanical stability. Therefore, the enhanced austenite stability after the intercritical annealing (Figure 6) can be ascribed to the refined austenite grain size, C enrichment, and the change of morphology. 
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Figure 8: The comparison of tensile properties of the present steels with other advanced high strength steel grades [6, 33-37]. The uniform elongation and ultimate tensile strength are selected to represent the ductility and strength of steels, respectively.

The tensile properties of the present IA-RT Q&P steel are better than other advanced high strength steel grades in terms of the combination of ultimate tensile strength and uniform elongation (Figure 8). More importantly, despite the lower yield strength (Figure 5 (a)), the IA-RT Q&P steel can achieve higher strength and better ductility than the RT Q&P steel (Figure 8). This is ascribed to the extra work hardening provided by the improved mechanical stability of austenite grains. 

4. Conclusions
In this contribution, the influence of intercritical annealing on the microstructure and tensile properties of RT Q&P medium Mn steel is investigated. It is found that the intercritical annealing does not change the austenite volume fraction, which is a result of the competition between the martensitic transformation during quenching and the reverse transformation during annealing. Nevertheless, both martensitic transformation and reverse transformation is effective to reduce the austenite grain size. Despite reduced yield strength (~180MPa) after the intercritical annealing, an extra work hardening is observed in the IA-RT Q&P medium Mn steel, which enables higher ultimate tensile strength and better uniform elongation with extents of improvement to be 30MPa and 3.4%, respectively. Owing to the limited change of austenite volume fraction after the intercritical annealing, the improved work hardening behaviour can be ascribed to the enhanced austenite stability contributed by the grain refinement, the C enrichment and the change of morphology. 
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