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Evolvement of solidified morphology in GCr15 bearing steel ingots remelted by magneticcontrolled ESR process
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The GCr15 bearing steel ingots were remelted by Electro-Slag Remelting (ESR) process with superimposing of 0T, 0.08T and 0.16T transverse static magnetic field, which was named as MC-ESR. The solidification morphology and secondary dendrite arm spacing (SDAS) of MC-ESR ingots were analyzed. The results showed that the solidification structure of ESR ingots without static magnetic field was oversized, and that of MC-ESR ingots was refined obviously. With 400A melting current, SDAS reduced from 71.6μm to 52.9μm by superimposing of 0.16T steady magnetic field. The electromagnetic vibration effect due to the interaction between static magnetic field and alternating electric current for remelting is thought to be the main reason to even the temperature field in slag pool and molten steel pool and to refine the solidification morphology.

Introduction

Electroslag Remelting process has been widely used in modern metallurgy for its advanced characters such as purifying metal, solidification structure control and nearly net shape. The products of ESR are widely found in everywhere of the national economy [1][2]. With the development of society, the demand of large, super large ESR ingots become more and more urgent, so it put forward higher requirements of the ESR process. However, while producing high-alloy steel, there are still coarse solidification structure, serious problems of macrosegregation, porosity and shrinkage cavity [3][START_REF] Yoshiko | Tetsu-to-Hagane[END_REF]. Therefore improving slag ingot quality has an important significance to the development of China's industrial economy. How to control the melting and solidification process of ESR process, reinforcement refining process and the transmission behavior of slag and metal in the weld pool, become the key problem to solve. In modern metallurgical production process, electromagnetic technology has been rapid development with its unique superiority [START_REF] Zhong Yun-Bo | [END_REF][6]. Researches on the ESR of high speed steel under 0.1T magnetic field reveal that outer magnetic field can change the remelting mechanism of self-consuming electrode and refine the solidification structure and even the phase-change thermodynamics during the cooling of high speed steel [6]. In this paper, the steady magnetic field was applied during the ESR process of bearing steel according the features of ESR. The effects of the electrical field on the solidification process, the influence of magnetic field on the solidification and the transmission process were integrated. The theoretical analysis and experimental results show that the main influence factors of ESR Ingot quality include power supply system, speed of melting, solidification velocity and magnetic induction intensity. A appropriately parameters of power supply mechanism , magnetic flux density and so on were decided by the analysis of solidification structure refined by electromagnetic oscillation.

Experimental Apparatus and Method

The GCr15 consutrodes used for ESR process is bearing steel prepared by BaoSteel special steel factory, with size 20 mm x 650 mm, and the chemical components are listed in Table 1. The GCr15 Φ20mm×650mm consumable electrodes were melted under the 0T, 0.08T and 0.16T transverse static magnetic field by using the micro-ESR system (Fig. 1). The steady magnetic field was provided by NdFeB magnets. By changing the number of NdFeB magnets, the range of the steady magnetic field is from 0T to 0.16T. The mold is made by the copper and water-cool. The inner diameter and height is 50 and 130 mm. The effect of different configurations of the applied magnetic fields on the technological features of the electro-slag process and properties of melted ingots were tested.

Fig. 1 Experimental ESR device of of bearing steal magnetic pole

Triplet Fluorine-free slag of CaO-Al2O3-SiO2 are applied in ESR process [7], which is used to compare with the traditional CaF2 slag series. Fluorine-free slag has lower electric conductivity and better effect of desulfurization, and remelting speed is increased by 20%-40%, thus it can improve the productivity and reduce current wattage [8].

In ESR experiment, an access industry frequency alternating current is applied from bearing steel through consutrode and water-cooled copper plate to bottom electrode. Current of 400A, 500A, 600A, and 700A is chosen for remelting under magnetic field of 0T, 0.08T and 0.16T respectively. To keep ESR process stable, we try to keep the depth of slag pool constant and stability of component through continuous addition of covering slag.

Experimental result and discussion

The remelted ingots are divided into two parts along the axial direction, and one of them was grind and polished, then the upper, middle and bottom area are remarked. By means of measuring the secondary dendrite arm spacing in 30 visual fields randomly in microscope, each part's average secondary dendrite arm spacing of remelted ingots under different magnetic field intensity is shown in Fig. 2.

Fig. 2 Average secondary dendrite arm spacing From Fig. 2, we can easily find that by imposing a static magnetic field during ESR process, the secondary dendrite arm spacing is changed dramatically. Without magnetic field, the ingot microstructure is well-developed coarse dendrite whose average dendrite arm spacing is over 70μm under a 400A current. While being remelted under magnetic flux density of 0.08T, the dendrite grain is greatly refined to about 60μm. When magnetic flux density reaches 0.16T, dendrite arm spacing reduce to 52.9μm, which is nearly 25% lower than that by typical ESR. The above phenomena indicate that magnetic field plays an important role in refining the ingot microstructure. Microstructure is one of the most factor to determine properties of ingots. The effect of different configurations of the applied steady magnetic fields on the properties of ESR ingots were verified in Fig. 3. For the classical ESR process, the main feature of the melting mechanism is the high superheating of metal by the molten slag, whose temperature is usually 423-473K higher than the temperature of electrode metal melting [9], resulting in the relatively low cooling speed during solidification [10][11]. For this reason, a strong and oversize coarse dendrites occurred (Fig 3a). At the same time, the oversized dendrites grow with the direction toward axial.

The steady magnetic field applied during the conventional ESR remelting caused significant positive changes in the microstructure of the ingots (Fig. 3b and3c). With a 0.08T steady magnetic field, the structure and grain size are of remelting ingots got obviously refined (Fig. 3b). At the same time, the included angle between axial and the dendrites decreased. The refining of the ingot structure was stimulated by intensification of heat/mass exchange at the liquid-solid phase interface. However, both of these phenomenons can prove the effectiveness that electromagnetic vibration caused by the interaction between the alternating current and the steady magnetic field. In this experiment, steady magnet field, which is vertical to the current direction, is employed from the top of consutrode to liquid metal, by which an alternate Lorentz force will be induced in the whole ESR system. This kind of alternating Lorentz force will accelerate the drops off of melt droplet, causing the size of melt droplet to become smaller. With the increasing of the magnetic flux density and current intensity, the electromagnetic oscillating force will be stronger then tiny melt droplets will be obtained. In general, the decreasing of the melt droplet size will reduce the migrating distance and duration for inclusions and impure element migrating from inner area of melting droplets to the surface of the droplet. The ratio surface area of the molten drops will be increased too, and the molten droplets will stayed in molten for longer time due to its reduced sinking rate. All of the above factors will promote inclusions and impurity element in the drops to be removed more thoroughly.

In addition, the effect of the electromagnetic vibration also occurs in the molten slag and the melt pool. The electromagnetic oscillating force in molten slag pool will promote the uniformity distribution of temperature, which will make the solid/liquid interface planer. Also the vibration due to the alternative electromagnetic force will strengthen transport process of gases and impurity elements which is beneficial to dephosphorization and desulfbrization process. Electromagnetic oscillating force will stabilize the temperature gradient in front of solid/liquid interface, and break down the branch crystal tips, which leads to refine the grain size and reduce dendrite arm spacing. As we know, the decrease of inclusions, the refined grain size and reduced dendrite arm spacing will be helpful to homogenize the elements and elevate the mechanics performance of ESR ingots.

Conclusions

With increasing the magnetic flux density and the current intensity, the dendrite spacing of the ESR ingot will be decreased and the structure will be refined. The superimposing of static magnetic field obviously made the metal molten pool tend to become planer than that without magnetic field, which is thought that the pool temperature uniformity can be prompted through the electromagnetic oscillating due to the interaction between AC current and static magnetic field. The planer interface is beneficial to remove inclusion, restrain composition segregation evolved over time and the formation of small columnar crystal.

Fig. 3

 3 Fig. 3 microstructural evolution under different steady magnetic field: (a) 0T, (b) 0.08T and (c) 0.16T

  

Table 1

 1 

			Chemical compositions of consumable eIectrode (mass fraction, %)	
	C	Si	Mn	S	P	Cr	Al
	0.82~0.85	0.201~0.205 0.367~0.368 0.010~0.012 0.031~0.035 1.39	0.022~0.025
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