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Abstract:



Melt spinning was performed to process an in situ CeB6/Al inoculant at different rotating speeds to investigate the influence of cooling rate on the grain refining behavior of inoculants. It has been found that a high cooling rate caused two obvious changes in the inoculant: the supersaturated solid solution of Ce in the α-Al matrix and the miniaturization of CeB6 particles. At high cooling rates of ~108 K/s, the Ce content is largely beyond the theoretical solid solubility of Ce in Al, and the size of the CeB6 particles in ribbons is reduced to ~100 nm. The grain refining effect of melt-spun CeB6/Al composite inoculant shows significant dependence on holding time of which the best value should be no more than 2 min. The excellent grain refinement of the inoculant can be attributed to the combined effect of the nano-sized refiner particles and the large undercooling caused by the sudden melting of supersaturated Al–Ce solution.
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1. Introduction


Grain refinement in aluminum alloys has obtained much attention in the casting industry, due to the significant enhancement of mechanical performance with the addition of minute quantities of inoculant [1,2]. To improve the grain refining efficiency of inoculation, many methods and strategies have been proposed, including chemical modification [3], rapid solidification [4,5,6,7,8], and ultrasonic processing [9], etc. Meanwhile, many theoretical and experimental investigations have aimed at revealing the procedure when inoculants are added to melts [10,11,12,13]. However, the detailed behavior of the interaction of different grain refiners with aluminum melt during grain refining treatment has not yet been fully understood.



As typical rapid solidification technology, melt spinning has been paid much attention for microstructure refinement, chemical homogeneity and improvement of solid solubility [8,14,15]. In particular, it is possible to promote the formation of ultra-fine secondary phase particles when the cooling rate exceeds 104 K/s [16,17,18]. For example, Xu et al. [19] proposed that when the cooling rate of Al–20 wt. % Si is 1.11 × 106 K/s, the size of primary silicon is drastically changed from 5 to 500 nm. Karaköse and Keskin [20] studied the effects of different cooling rates on the microstructure of Al–8Si–Sb ribbon and found 2.7 times improvements in hardness. Recently, Dong et al. [21] investigated the formation of Al–9Si–Cu ribbons with a thickness of 54 μm and found that very fine and homogeneous Si particles are disperse in Al matrix. Since melt-spinning has such significant effect on refining the high-melting point phase in aluminum alloys, it also raises attention on processing of inoculant [22,23,24].



Recently, we used an arc–melt–spinning technique to prepare an in situ CeB6/Al inoculant and showed that it is very effective for refining aluminum [25]. We also developed a low-temperature synthesis method to optimize this inoculant and found that the melt-spun inoculant contains sub-micron CeB6 clusters and low-melting-point Al–Ce phase [26]. To examine the refining effect of this inoculant under more casting conditions, we did the inoculation experiment under different holding time that is considered an important parameter to measure the performance of the inoculant [27,28]. We found that the cooling rate is also effective on holding time and we proposed a stationary model to explain the corresponding mechanism.




2. Materials and Methods


Commercial Al–20Ce (in wt. %) and Al–3B (in wt. %) alloys were used as starting materials to prepare the Al–B–Ce master alloy in a graphic crucible (Yihui casting factory, Guangzhou, China) by arc melting under an argon atmosphere. During melting, the temperature of the reaction melt was monitored by a double color infrared laser thermometer (Fluke factory, Shanghai, China). Then the master alloy was re-melted by induction melting and blew on a single copper roller (Chinese academy of science, three–ring long magnetic equipment factory, Jiangsu, China) with a diameter of 22 cm to prepare the CeB6/Al ribbons. The rotating speed of the copper roller was set as 2000 and 8000 rpm, respectively (denoted as C1 and C2). In contrast, the casting obtained using a copper mold [29] with a diameter of 10 cm was denoted as alloy C0.



The CeB6/Al ribbons with different rotating speeds were used as inoculants and added into aluminum melt at 720 °C with an adding ratio of 0.4% that has been confirmed as the best addition amount previously [25]. After different holding times (1, 2, 5, and 30 min), the treated melts were stirred for 10 s and then poured into a steel mold with a cavity of 20 mm in diameter and 120 mm in height. The specimens for metallographic examination were cut from the middle part of each as-cast rod and carefully grinded by sandpaper. After mechanical polishing, the specimens were etched with Poulton’s reagent (60% HCl + 30% HNO3 + 5% HF + 5% H2O) for macroscopic observation. Next, the specimens were re-polished and etched in a 0.5% vol. % HF solution for microscopic observation using optical microscope (OM, Olympus, Jiang dong ou yi testing instrument, Ningbo, China). The grain size of each sample was measured using the intercept method according to ASTM standard E112.



The specimens were characterized by Bruker D8 Discover X-ray diffraction (XRD, Bruker AXS, Karlsruhe, Germany) with Cu Ka radiation, S4800 scanning electron microscope (SEM, Hitachi, Tokyo, Japan) and Olympus optical microscope (OM). High-Resolution Transmission Electron Microscope (HRTEM) was performed on a JEOL 2000FX instrument (Shimadzu Corporation, Kyoto, Japan).




3. Results


3.1. Confirmation of Cooling Rate


Figure 1 shows the curves plotted using the temperature versus cooling rate. The thickness of the CeB6/Al ribbons produced by different rotating speed of copper wheel C1 and C2 is about 136 and 14 μm, respectively. As is well known, the thickness of spinning ribbon relates to the cooling rate of the melt during the solidification. Therefore, the actual cooling rates of the CeB6/Al ribbons and solidification times can be calculated from their thicknesses. The cooling rate of a ribbon is governed by the Fourier’s equation of heat transfer [19], as follows:
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(1)




where T, t, α, c, and ρ are temperature (K), cooling time (s), thermal conductivity (W/(m·K)), specific heat capacity (J/(kg·K)), and density (kg/m3), respectively. According to the literature [18], the thermal storage coefficient b =[image: there is no content] (W [image: there is no content]/(m2·K)), the ribbon–wheel interface temperature Ti can be expressed as
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(2)




So, the temperature distribution of the melt spinning ribbon can be obtained as
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(3)




Taking the temperature T as a function of the cooling time t, the cooling rate at the thickness χ is given by
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(4)




The solidification time of melt spinning ribbon can be obtained from
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(5)




where L is the latent heat of aluminum. The values of the parameters we used are according to the reference [19], which are all listed in Table 1. Figure 1 shows the curves plotted using the temperature versus cooling rate based on Equation (3). By taking the melt point temperature of pure Al as the solidification temperature, the average cooling rates of different thicknesses ribbons are then the derivative values of the nodes, which are 8.4 × 102 K/s, 5.1 × 105 K/s, and 1.6 × 108 K/s, respectively. Obviously, the ribbons with thickness difference of about 1000 times show great difference of about three orders of magnitude in the corresponding cooling rates.


Figure 1. Temperature versus cooling rate plots of different CeB6/Al inoculant during solidification.
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Table 1. Modeling parameters used to estimate the cooling rate [19].







	
Parameters

	
Material

	
Material




	
Al

	
Wheel






	
Initial temperature, T0 (K)

	
1123 (T10)

	
293 (T20)




	
Thermal conductivity, k (W/(m·K))

	
237 (k1)

	
398 (k2)




	
Specific heat capacity, c (J/(kg·K))

	
880 (c1)

	
386 (c2)




	
Density, ρ (kg/m3)

	
2700 (ρ1)

	
8930 (ρ2)




	
Thermal storage coefficient, b =[image: there is no content] (W [image: there is no content]/(m2·K))

	
23729.98 (b1)

	
37,039 (b2)




	
Coefficient in Fourier’s equation, α = k/cρ

	
9.59 × 10−5 (α1)

	
-




	
Latent heat of Al, L (kJ/kg)

	
396.67

	
-




	
Ribbon–wheel interface temperature Ti = (b1T10 + b2T20)/(b1 + b2) (K)

	
617.11

	
-




	
Solidus temperature, Ts (K)

	
933.37

	
-




	
Thickness of the ribbons, χ (μm)

	
-

	
-











3.2. Effect of Cooling Rate on the Microstructure


The XRD patterns of the C0, C1, and C2 alloy are shown in Figure 2. All the XRD spectra are presented with obvious peaks of α-Al and CeB6 phase, indicating the successful synthesis of CeB6 phase. In theory, the successful synthesis of CeB6 might be attributed to the energy status of the active Ce atoms and B atoms due to the presence of liquid Al melt. Besides, the enlarged view of XRD spectrum of the ribbon samples produced by different rotating speed is shown as Figure 2b. It is noticed that some weak peaks of Al11Ce3 are also detected in C0 alloy. However, with the cooling rate increased, the peak of Al11Ce3 phase disappears.


Figure 2. (a) X-ray diffraction (XRD) spectrum of the inoculant alloys with different cooling rates. (b) The enlarged view of XRD spectrum in the (a).
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Figure 3 shows the TEM images of the C3 ribbon. It is found that some particles with an average size of about 100 nm are dispersing in the matrix. To further confirm the particles and matrix shown in Figure 3, the electron diffraction data are shown as the inset in Figure 3. It is indicated that the particles are CeB6 phase and the matrix is Al, which is in accordance with the XRD results shown in Figure 2.


Figure 3. Transmission Electron Microscopy (TEM) characterization of the CeB6/Al ribbon C2.
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Figure 4 shows the SEM images of the C0 and CeB6/Al ribbons produced by different cooling rates. As shown in Figure 4a, many white particles with different sizes, which are aggregated in the matrix. It should be noted that in the C0 alloy with cooling rate of ~102 K/s, the particles are agglomerated and size is in a range of 1–18.9 μm as shown in Figure 4a. With the increase of cooling rate to ~105 K/s (C1 alloy), the size of the particles is further reduced to 1–9.5 μm as shown in Figure 4b. Furthermore, when the cooling rate is up to ~108 K/s, the size of CeB6 particles is reduced to ~100 nm as shown in the Figure 4c (C2 alloy). Moreover, the particles in C2 ribbon are more homogeneously distributed in the Al matrix with an almost ideal dispersion degree. Therefore, our results show that melt spinning can significantly alter the microstructure of CeB6/Al inoculant ribbon. In other words, the size of CeB6 particle is strongly dependent on the cooling rate that can greatly influence the settling velocity. According to the Stoke′s Formula [30], the settling velocity is proportional to the square of the size of particles. Moreover, the settling velocity of the particles is deceased with the increment of cooling rate together with a reduction of gravity segregation. Therefore, the size of particles become smaller and the number of particles become more after solidification as shown in Figure 4. Furthermore, as we know, the degree of supper cooling is increased with the increasing of cooling rate, which in turn causes improved nucleation rate or refining effect [19]. For similar reason, CeB6 particles can also be refined, resulting in a size range of micron-scale to submicron-scale, as shown in the Figure 4. The representative energy dispersive spectrometer (EDS) results of the matrix marked in Figure 4a–c are given in Figure 4d–f, respectively. It can be seen that the content of Ce elements in the aluminum matrix is obviously changed by melt spinning. It is indicated that the Al11Ce3 phase is inhibited due to fast solidification that is in accordance with the results of Figure 2b, leading to the super saturation Ce element increased in the matrix. The maximum particles size of different alloys and the Ce content in the matrix presents the opposite trend as shown in the Figure 5. Therefore, the submicron-scale CeB6 particles and the super saturation Ce element of the α-Al matrix caused by the rapid solidification both contributed to the grain refinement.


Figure 4. Scanning electron microscope (SEM) image of (a) C0 alloy, (b) C1 alloy, (c) C2 alloy. (d–f) are the energy dispersive spectrometer (EDS) spectrum of (a–c), respectively.
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Figure 5. Cooling rate versus the particles size and the Ce content in the matrix.
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3.3. Effect of Holding Time on Grain Refinement of Melt-Spun Inoculants


Figure 6 presents the microstructure of as-cast pure Al refined by C1 and C2 alloys after different holding time with an addition of 0.4%, which has been verified as the best addition amount previously [25]. The morphology of as-cast Al is usually characterized by coarse dendrites. After adding C1 and C2 alloy, the colossal dendrites of the pure Al are significantly decreased as shown in Figure 6. Meanwhile, it is clear that the refining effect of C2 alloy is better than that of C1 alloy, as the holding time is similar. However, the macro metallographic (Figure 6) shows that the grain refining effect of both inoculants are somewhat decreased as the holding time is increased over 2 min.


Figure 6. Optical metallographic images of as-cast aluminum samples after inoculation with different holding times: (a–d) are C1 alloy; (e–h) are C2 alloy.
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Figure 7 displays grain size as a function of holding time of the inoculated samples with both inoculants, which clearly shows the variation tendency of grain refining efficiency. Notably, the samples refined by C2 alloy has relative smaller grain size than that of C1 at a same holding time. As the holding time is over 2 min, both inoculant ribbons show obvious “fading” effect and C2 alloy seemed fading badly. As shown in the inset of Figure 7, for C2 alloy, the grains of the sample with long holding time is about three times bigger than that of short holding time. It is worth of noting that, with very short holding time (1 or 2 min), melt-spun inoculants have the best grain refining effect, and the best holding time is reduced with the increased cooling rate. As well known, melt-spun ribbon is in an unstable and non-equilibrium status due to the fast solidification. Thus, the initial melting of melt-spun ribbon with high cooling rate is different from that of low-cooling-rate alloy, which might relate to the short holding time needed. Nevertheless, the present results show that this inoculant should be used with very short holding time, and it is very important for the future industrial application of this newly developed inoculant.


Figure 7. Grain size variations with holding time.
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4. Discussion


Holding time is an important technical parameter for inoculants, which not only determines the detailed casting processing, but also affects the grain refining behavior of refiner particles. In a very short holding time, the inoculant occurs melting at first and begins to interact with the pre-melted Al melt. It is an important phenomenon that the best holding time of C2 alloy is shorter than 2 min, which indicates that the melting behavior of inoculant shows great influence on the refining behavior. It has been found that large cooling rate caused two obvious changes on the inoculant: the supersaturated solid solution of Ce in the α-Al matrix and the miniaturization of CeB6 particles. It is clear that the miniaturization of CeB6 particle will not affect the melting of ribbon, because the melting point of CeB6 is much higher than the holding temperature and CeB6 particles will not melt. Therefore, the melting of the ribbon mainly relates to the supersaturated solid solution of Ce. As shown in Figure 4, the content of cerium in the Al matrix is far more than the theoretical solid solubility of Ce in α-Al on the phase diagram, which is very unstable in thermodynamics. In our opinion, the presence of excess Ce also makes the melting of Al matrix be very unstable at the holding temperature and tend to melt quickly. The sudden and homogeneous melting of ribbons will consume the energy of the Al liquid in the vicinity of the ribbon, and induce an instant large undercooling, which is beneficial for the nucleation of Al upon the surface of CeB6.



As it is known, the grain refining behavior of an inoculant is affected by the following two aspects: the size of refiner particles and the degree of undercooling [31]. According to Quested et al. [31], larger particles take part in the nucleation first (need small undercooling) and smaller particles become inactive due to the recalescence followed by the first nucleation events that increase the temperature in the vicinity of the smaller particles. Therefore, they indicated that the best size of refiner particles is about 400 nm, and the smaller particles require relative large undercooling of which the ordinary casting cannot provided. In this case, the particle size of CeB6 is about ~100 nm, much smaller than the predicted value (400 nm). It can be attributed to the instant large undercooling caused by the fast melting of Al matrix with super saturated Ce.



To explain the refining mechanism, a schematic diagram describing the nucleation and growth process of α-Al dendrites is shown in Figure 8. When the CeB6/Al ribbons is added into pure Al melt, the Al matrix with super saturated Ce element will melt quickly into Ce-rich liquid, and the Ce atoms will fast diffuse in the inoculated melt driven by large concentration gradient. Such fast melting and diffusion processes will suddenly decrease the temperature of the local Al liquid around the unmelted CeB6 particles. Such a process will produce an instant large undercooling, which in turn activates the activity of small particles as nucleated substrate, homogeneously. Then, the inoculated melt is poured into the iron mold which can provide another undercooling, leading to the growth of the pre-nucleated Al crystals to complete the solidification process. When the holding time becomes longer, the undercooling caused by the fast melting of ribbons will disappear, resulting in the “fading” effect of the melt-spun ribbons. For an inference, the inoculants prepared by melt spinning might all require relative short holding time, due to the cooling rate effect according to the above analysis. In addition, the melt-spun CeB6/Al inoculant might be very appropriate for die-casting using iron or copper molds, which can provide a large degree of under cooling to activate the small refiner particles.


Figure 8. Schematic image showing the nucleation and growth process of α-Al dendrites.
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5. Conclusions


	(1)

	
The microstructure, chemical composition, and grain refining effect of CeB6/Al inoculant are all strongly depended on the cooling rate in preparation. With high cooling rate of ~108 K/s, the sizes of CeB6 particles can be reduced to ~100 nm and the content of Ce in Al matrix is obviously increased to form supersaturated Al–Ce solid solution.




	(2)

	
The grain refining efficiency of melt-spun inoculant is strongly dependent on the holding time. The optimum holding time of the inoculation is within 2 min, which is very valuable and crucial for future industrial application.




	(3)

	
A stationary grain refinement model is proposed to explain the detailed inoculation mechanism of melt-spun CeB6/Al composite inoculant, which agrees well with the very short holding time of CeB6/Al composite inoculant.
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