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Abstract. 
The nanostructured Fe-V-Nb master alloy was prepared in vacuum rapid quenching furnace and then was added in the steel melts as modificators before casting. Next, the effects of the nanostructured Fe-V-Nb modificators on the microstructure and mechanical properties of the steel were studied. The results show that the grain size of the steel has been effectively refined, which is mainly because the dispersed nanoscale particles can produce more nucleation sites during the solidification of the liquid steel. Tensile properties and fracture morphology reveal that the yield strength and toughness of the steel modified by nanostructured Fe-V-Nb modificators are better than that of the microalloyed steel. TEM analysis shows that vanadium and niobium in the modificators exist in the form of (V, Nb) C which effectively increases the nucleation rate and leads to better mechanical properties of the steel.


1. Introduction
With the rapid development of automobile, the demand for spring steels with higher performance is growing rapidly. At present, most automotive springs are made of the medium carbon high-strength steels obtained after the quenching and tempering [1]. To achieve the desired mechanical strength, the most commonly method used is to add alloying elements such as vanadium and niobium [2], the carbonitride of which may refine the grain size of austenite and act as the strengthening precipitates [3]. As a result, a high strength and good sag resistance can be achieved [4]. To further optimize the mechanical properties of medium-carbon martensitic steels, nanostructured Fe-V-Nb master alloy can be added into the steel as modificators. However, there are few reports on the systematic investigations about the effect of the nanostructured Fe-V-Nb modificators [5–7]. So, as a basic study, it is necessary to uncover the interaction between modificators and the steels through a series of experiments, especially the effect of modificators on the refinement of grains. 
In this study, the nanostructured Fe-V-Nb modificators were prepared by melt-spin method and the effect of the modificators on the mechanical properties of Si-Mn spring steels was studied. Furthermore, the detailed information on the relationship between the mechanical properties and the microstructure has also been clarified by means of scanning electron microscopic (SEM) and transmission electron microscope (TEM) observations.
2. Experimental Procedure
The raw material used in this study was commercial Si-Mn steel (hereafter denoted as steel A). Nanostructured Fe-V-Nb modificators were prepared by rapid quenching in vacuum with the rolling wheel speed of 45 m/s. Steel A was firstly melted in the vacuum induction furnace, then the nanostructured Fe-V-Nb modificators were added to the melt before casting. The melts were poured at about 1600°C accompanied by stirring and then the ingots were forged into bars with a size of about 25 mm in diameter (hereafter denoted as steel c). As a comparison, the steel microalloyed with V and Nb (hereafter denoted as steel B) was also prepared. The chemical compositions of the experimental steels were listed in Table 1. All of the forged bars of steels that have been quenched at 860°C and tempered at 350–550°C were machined into specimens for the mechanical test and microscopic observation. 
Table 1: Chemical compositions of the experimental steels (Wt.%).
	

	Steels	Element contents
	C	Si	Mn	S	P	Cr	Nb	V
	

	Steel A	0.59	1.84	0.81	0.002	0.008	0.28	—	—
	Steel B	0.61	2.00	0.95	0.002	0.010	0.27	0.05	0.04
	Steel C	0.61	1.97	0.93	0.003	0.009	0.27	0.05	0.05
	



Tensile tests were performed at ambient temperature with a tensile speed of 2 mm/s on a screw-driven Instron Model SHT-4505 test machine. Microstructure of the specimens was observed with the aid of optical microscope after etching in nital. A PhillipsXL30 SEM was used to analyze the fracture surfaces of the broken tensile specimens. A Phillips FEI Tacnai F20 transition TEM was also used to observe the microstructure of modificators and type of tempered carbides with an accelerating voltage of 200 kV. The compositions of individual carbonitride were determined by the energy dispersive X-ray spectroscopy (EDS).

3. Results and Discussion
3.1. Microstructure of Fe-V-Nb Modificators
Figure 1 shows the SEM image and EDS spectrum of the melt-spin Fe-V-Nb modificators. The EDS spectrum in Figure 1(b) indicates that the white-color phase marked with a cross contains V and Nb elements together. However the EDS spectrum in Figure 1(c) shows that the matrix phase marked with a rectangle does not contain any V and Nb elements. The XRD pattern of the melt-spin Fe-V-Nb modificators is depicted in Figure 2. So it can be concluded from the XRD result that the white-color phase in the modificators is compound carbide, namely, (V, Nb) C. The average grain size of the Fe-V-Nb modificators obtained is 33 nm, which was calculated by Scherrer formula [8]. TEM micrograph and diffused electron diffraction pattern of the Fe-V-Nb modificators are shown in Figure 3. As shown in Figure 3, the melt-spin Fe-V-Nb is composed of nano-particles and in this part the TEM image displays a disordered arrangement of atoms and no diffraction spots appears in the electron diffraction pattern. Combined with the X-ray result, it can be concluded that the Fe-V-Nb modificators should be composed of a high proportion of nano-crystallines and a little part of amorphous phases.
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(c)
Figure 1: (a) SEM image of the melt-spin Fe-V-Nb modificators; (b) an EDS spectrum of the white-color phase in Fe-V-Nb modificators as indicated by a cross in (a); (c) an EDS spectrum of the matrix phase as indicated by a rectangle in (a).




	
	


	
	


	
	


	
	


	
	


	
	


	
	


	
	


	
	






























































	







	


	


	


	


	


	


	


	


	


	


	


	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	


	


	
	


	


	
		
			
		
		
			
		
		
			
			
			
			
			
		
	


	
		
		
	
	
		
	
	
		
	


	
		
		
		
		
		
		
		
	

Figure 2: XRD parrten of Fe-V-Nb modificators.




	
		
	




	
		
			
			
			
		
	

Figure 3: TEM micrograph and diffused electron diffraction pattern of Fe-V-Nb modificators.


3.2. Effect of Fe-V-Nb Modificators on the Microstructure of Steels
Figure 4 shows the quenching structure of three types of steels, in which it can be seen that the microstructure consists of lath martensite and acicular martensite. Compared with steel A and B, steel C has the finest mixed martensites. It is well known that the thickness of lath martensite and the le