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Suppressed interdiffusion behavior of Fe/Fe-Si alloy under static magnetic field
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Effect of static magnetic field on interdiffusion behavior and intermediate phase growth characteristics in Fe-Fe50wt.%Si diffusion couples has been investigated. It was found that both FeSi and solid solution layers formed after annealing at different temperatures with and without magnetic field. Growth of FeSi and solid solution layers obeys parabolic law and is suppressed under magnetic field due to the reduced frequency factor D 0 but not the activation energy Q.

Introduction

Magnetic fields have great effect on recrystallization, grain growth, phase transformation, texture formation and so on during the processing of advanced materials which involves the diffusion of atoms [1][2][3]. Youdelis et al. [4] found that magnetic field which was perpendicular rather than parallel to diffusion direction could retard the diffusion of Cu atoms in Al-AlCu diffusion couple. While Nakajima et al. [5] found that no significant difference between the diffusivities of Ni in Ti perpendicular and parallel to the magnetic field direction. Li et al. [6] found that the thickness of intermediate phases in Mg-Al diffusion couple was reduced under magnetic field at 340-420 °C. However, Liu et al. [7,8] found that the thickness of intermediate phases in Al-Zn and Al-Mg diffusion couples increased in a parabolic law in the alternative magnetic field at 330-430 °C. The 6.5wt.%Si steel has great potential for electrical device and applications [9][10][11]. At present the mass production of 6.5wt.%Si steel sheets by cold rolling is almost impossible, and manufacture even by hot rolling becomes difficult when Si content exceeds 4 wt. % [12]. To solve the problem about the strong brittle characteristic of 6.5wt.%Si steel, methods such as chemical vapor deposition, powder metallurgy and composite electro-deposition have been considered [13]. It is the key point for all these methods to realize and control the interdiffusion process of Fe-Si. Considering the orientation effect by superimposition of magnetic field during diffusion process, it is important to understand how static magnetic field affects diffusion behavior in Fe-Si system. Influence of static magnetic field on growth of intermediate diffusion layer in Fe/Fe-Si diffusion couples has been investigated and the mechanism has also been discussed in this paper.

Experimental procedure

The experimental setup designed and installed, and procedures of preparing and treating the Fe/Fe-Si diffusion couples under magnetic field are shown in Fig. 1. The Fe50wt.%Si alloys were prepared with high-purity Fe (99.9 wt. %) and Si (99.9 wt. %) by vacuum induction melting in a high-purity graphite crucible. The alloys were poured into a pure Fe cylindrical mold with external diameter of 20 mm and inner cuboid dimension of 10 × 10 × L mm (L: length) to cast specimens by pulling up the alundum rod (Fig. 1(a)). The castings were cut into the sliced samples with a thickness of 3 mm vertical to the length direction (Fig. 1(b)). The samples were ground with SiC abrasive papers from No. 400 to 2000 and polished mechanically with the 1.0 μm diamond paste before placed in the furnace. In order to obtain a well combination interface between Fe and Fe50wt.%Si, scanning electron microscope (SEM) equipped with energy dispersive spectroscopy (EDS) was employed to analyze the variation of silicon content at the interface of the diffusion couples. The original diffusion couples are annealed at 1050, 1100 and 1150 ºC for 3, 6, 9, 12 h, respectively, with and without the 0.8 T magnetic field in an Argon atmosphere. The experimental apparatus consists of a static electromagnet and a heating furnace equipped with a temperature controller (Fig. 1(c)).

Results and Discussion

The typical SEM morphologies of Fe-Fe50wt.%Si after annealing at 1150 ºC for 3 h and 1100 ºC for 9 h with and without magnetic field are shown in Fig. 2. It can be clearly seen that the interdiffusion direction is perpendicular to that of magnetic field and the Fe50wt.%Si, FeSi, and Fe layers can be easily identified (Fig. 2(a)). The Fe 2 Si and Fe 3 Si layers were observed after annealing at 1150 ºC for 3 h both with and without magnetic field (Fig. 2(b)).

The thickness of Fe 2 Si and Fe 3 Si layers are respectively about 7 and 3 μm according to the chemical composition variation of SEM-EDS (Fig. 2(c)). However, the Fe 2 Si and Fe 3 Si layers can be hardly observed after annealing at 1050-1150 ºC for more than 3 h. Hence, the FeSi phase is very stable in Fe-Fe50wt.%Si diffusion couple. In addition to the typical FeSi layer (Fig. 2(d)), the solid solution layer according to SEM-EDS mapping analysis is observed in Fig. 2(e). The thickness of FeSi layer increases from about 43 μm after annealing at 1050 ºC for 3 h to 80 μm for 12 h. With the increase of annealing temperature to 1100 and 1150 ºC, the thickness of FeSi phase respectively increases from about 57 and 76 μm to 99 and 119 μm with the increase of annealing time from 3 h to12 h. However, the thickness of FeSi layer under magnetic field perpendicular to diffusion direction dramatically decreases compared with that without magnetic field. For example, the thickness of FeSi phase after annealing at 1100 ºC for 9 h apparently decreases from about 87 μm without magnetic field (Fig. 2(d)) to about 64 μm under the 0.8 T magnetic field (Fig. 2(f)). The thickness variation of the solid diffusion layer exhibits similar tendency to that of FeSi layer. What is more, compared with that perpendicular to diffusion direction, the thickness of FeSi and solid diffusion layers varies very slightly and the difference can be even neglected at 1050-1150 ºC for up to 12 h under the magnetic field parallel to diffusion direction. So the magnetic field exhibits a suppressing effect on interdiffusion behavior of Fe/Fe-Si alloy and no significant difference between the diffusivities in perpendicular and parallel directions. Fig. 3 shows the thickness of FeSi and solid solution layers plotted against the square root of diffusion time according to the equation [8]:

The above results indicate that the magnetic field change in the growth of FeSi and solid solution layers is probably due to the reduced frequency factor D 0 . A theory developed by Youdelis et al. [14] shows that the diffusivity in a magnetic field is reduced by the factor 1/(1+ω ce 2 /υ e 2

), where ω ce and υ e are the cyclotron and collision frequencies respectively of the diffusion transported electrons. Generally, such atom diffusion process is via atom-vacancy jump mechanism, in which the diffusion coefficient D could also be expressed as [15,[START_REF] Porter | Phase Transformations in Metals and Alloys[END_REF]:
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where n is the constant, Z is the coordination number of one atom, υ is the vibration frequency of atoms, α is the jump distance of atoms, and ΔS m , ΔS v , ΔH m , ΔH v are the entropy and enthalpy change for moving an atom to a vacancy and for producing a vacancy, respectively, R is the gas constant and T is the absolute temperature. According to Eq. ( 2) and

(3), it can be deduced that the magnetic field may affect the entropy but not the enthalpy needed during the diffusion process. Hence, the effect of magnetic field on the growth of interdiffusion phase is the thermally activated process rather than the barrier height because the influence is mainly on the frequency factor but not on the activation energy in the Fe-Fe50wt.%Si diffusion couple.

Conclusions

Interdiffusion behavior of Fe-Fe50wt.%Si diffusion couple had been studied. The FeSi, Fe 2 Si and Fe 3 Si have been identified after annealing within 3 h, but the Fe 2 Si and Fe 3 Si disappear when further prolonging the diffusion time up to 12 h both with and without magnetic field. No significant difference between the diffusivities of FeSi and solid solution layers perpendicular and parallel to the magnetic field direction has been detected. Growth of FeSi and solid solution layers obeys the parabolic law with and without magnetic field. Growth of intermediate phase is suppressed under magnetic field due to the reduced frequency factor D 0 but not the activation energy Q.

Fig. 1

 1 Fig. 1 Experimental apparatus, (a) vacuum induction melting and casting, (b) sliced sample preparation and SEM-EDS analysis of Fe/Fe-Si interface, and (c) diffusion in magnetic field.

Fig. 2

 2 Fig. 2 SEM morphologies, (a) 1150 ºC × 3 h, 0.8 T, (b) enlarged morphology, (c) SEM-EDS of the yellow arrow line, (d) 1100 ºC × 9 h, 0 T, (e) SEM-EDS mapping analysis, (f) 1100 ºC × 9 h, 0.8 T.
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(1) where W is the thickness, t is the annealing time and k is the rate constant. So it turned out distinctly that the parabolic law is fulfilled for the growth of diffusion layer. The slope increases with the increase of temperature both with and without magnetic field. The slope significantly decreases with the superimposition of magnetic field after annealing at 1050-1150 ºC. From the temperature dependence of the rate constant, the frequency factor (D 0 ) and the activation energy (Q) for diffusion layer growth with and without magnetic field have been calculated. The growth rate is expressed by the Arrhenius-type of relation [6]:

) RT (2) where D 0 is the frequency factor, Q is the activation energy, R is the gas constant, and T is the absolute temperature. The logarithm of the diffusion coefficient D was plotted versus the reciprocal of absolute temperature T in Fig. 4, D 0 and Q were respectively measured by the intercept and slope of the fitted straight lines (Table 1). The activation energy Q for growth of FeSi and solid solution layers is nearly the same with and without magnetic field. However, the corresponding frequency factor D 0 for growth of FeSi and solution layers dramatically decreases with magnetic field.