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Abstract:



Diverse non-equilibrium eutectic structures have attracted numerous experimental and theoretical studies. One special type is the formation of a halo of one phase around a primary dendrite of another phase. In our experiments, it was occasionally observed that ScNi halos grow as dendritic morphology around the primary Sc2Ni dendrites in an arc-melted ScNi-Sc2Ni off-eutectic binary alloy. The formation of this anomalous halo structure was then well reproduced by employing quantitative phase-field simulations. Based on the phase-field simulation, It was found that (i) the large undercooling and growth velocity of the ScNi phase during solidification causes the formation of halos; and (ii) the released latent heat induces the recalescence phenomenon, and changes the solidification sequence largely, resulting in the anomalous halo structure in the Sc-34 at % Ni alloy.
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1. Introduction


Alloys with eutectic microstructures are widely used as structural and/or functional materials in automobile, aerospace, electronic and other industries [1,2,3,4,5] due to their excellent comprehensive properties and performances. For off-eutectic alloys, their typical microstructure generally comprises not only coupled eutectics, but also dendrites of primary phase under equilibrium solidification. However, in real solidifications, which usually deviate from equilibrium state, diverse non-equilibrium eutectic structures appear and have attracted numerous experimental and theoretical studies [6,7,8,9,10]. One special type is the formation of a halo of one phase around a primary dendrite of another phase, as observed in several off-eutectic alloys, like Al-Si [11], Al-Cu2Al [12], Ni-Ni3Nb [8], Cr-Nb [7] and Fe-Fe2Nb [13].



Occasionally, we observed an anomalous halo formation in an as-cast, off-eutectic Sc-Sc2Ni alloy, i.e., Sc-34 at % Ni in the present work. Pure nickel (99.99%) and pure scandium (99.99%) were used as the starting materials, and the Sc-34 at % Ni alloy was melted in an arc melting furnace (Physcience Opto-electronics Co., Ltd., Beijing, China) and placed in the copper mold, which was then cooled by the circulating water. The casting was carefully polished and the microstructure of Sc-34 at % Ni was characterized by means of scanning electron microscope (SEM). The result is shown in Figure 1. Figure 1b is an enlarged view of the rectangular section in Figure 1a. As can be seen in Figure 1b, the dark region presents the Sc2Ni phase, which is the first primary phase and grows as a coarse dendrite during solidification. The bright region presents ScNi grains, which nucleate and grow along the interface of the Sc2Ni dendrite and the remaining liquid phase. The ScNi phase grows as the second primary phase instead of the fine lamellar microstructure, and the (ScNi) dendrite even appears at the tip of the Sc2Ni dendrite. Moreover, at the arm of the Sc2Ni dendrite, the halo morphology is substituted by coarse-coupled eutectic and the lamellar eutectic structure nucleates and grows at the interface of the dendritic-like ScNi phase and the remaining liquid. As a result, all these characteristic features from the anomalous halo microstructure occurr in this as-cast, off-eutectic Ni-Sc alloy during solidification.


Figure 1. (a) Experimental microstructure of as-cast Sc-34 at % Ni binary alloy; (b) Enlarged view of the rectangular section in (a).
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Several mechanisms have been proposed to explain the halo formation in off-eutecitc alloys during solidification. Sundquist et al. [14] contended that certain undercooling is necessary for halo formation. Kofler et al. [15] emphasized that halo formation relies on the relative growth rates at a given undercooling. According to Gigliotti et al. [9], halo formation is influenced by not only the growth velocities of the involved phases but also the undercooling and solute content. Nave et al. [6] stated that halo formation should be compatible with the diffusion fields of the primary phase during directional solidification. Actually, these mechanisms were proposed on the basis of their own experiments, and can be employed to explain the halo formation which entirely surrounds the primary phase during unidirectional solidification. During unidirectional solidification, the effect of latent heat can be ignored due to the large temperature gradient and thermal diffusion. However, the latent heat should be taken into account in the present Sc-Ni sample. That is because the latent heat in such a small sample can result in significant recalescence phenomenon, because the temperature of the remaining melt increases in a short period and the existent microstructure may be remelted. Therefore, the above-mentioned mechanisms cannot be utilized to explain the anomalous halo formation in the present Sc-Ni off-eutectic alloy.



Under this circumstance, the quantitative phase-field simulation was employed to reveal the mechanisms for the anomalous halo formation in the present ScNi-Sc2Ni off-eutectic alloy. It is well known that the quantitative phase-field simulation can not only reproduce the microstructure evolution during various materials processes but also reveal inherent physical natures [16,17]. Very recently, Wei et al. [18] performed a quantitative phase-field simulation of the microstructure evolution in A2214 commercial alloy during solidification by using the multi-phase-field (MPF) model, from which all the experimental features were nicely reproduced, and the physical mechanisms for some microstructure formation were also revealed. Ta et al. [19] predicted the microstructure evolution in different Ni-Al-Cr bond coat/substrate systems based on the quantitative phase-field simulation using the MPF model, and also investigated the effect of the temperature gradient. Based on the quantitative phase-field simulation, Wang et al. [20] reproduced the three-dimensional microstructure evolution of primary silicon in one hypereutectic Al-Si alloy by using the MPF model, from which diverse two-dimensional morphologies of primary silicon in experiments can be well explained. Consequently, the MPF model, which was already incorporated in the MICRESS (Microstructure Evolution Simulation Software) [21], was utilized here to reproduced the microstructure evolution in the present Sc-34 at % Ni alloy during solidification, from which the mechanisms for the anomalous halo formation can be then revealed.




2. Phase-Field Simulation


2.1. Phase-Field Model


Considering that the MPF model with phase and concentration fields has been frequently described in our previous work [18,19,20,22,23], it is not presented in detail here in order to save space. However, the temperature field is necessary to be introduced here in order to reproduce the microstructure in the present target alloy, and thus is presented in the following section. That is because the sample is relatively small and the temperature gradient can be negligible. Thus, the cooperative effect of the external heat extraction and the latent heat should be taken into account. According to the heat balance [24]:
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(1)







The global heat extraction per volume [image: there is no content] is equal to the total enthalpy change in the system. [image: there is no content] is the specific enthalpy of phase α. The enthalpy change [image: there is no content] can be separated into three parts: a temperature dependent term, corresponding to the heat capacity [image: there is no content]; a concentration dependent term caused by segregation or diffusion; and finally, the release of latent heat due to phase transformation.
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(2)







When substituting Equation (2) into Equation (1), the temperature change [image: there is no content] can be evaluated as:


dT=1c¯pq˙dt−1V∫V∑αϕα∑k∂Hα∂ckdck+HαdϕαdV=1c¯p(q˙dt−dL)



(3)




with [image: there is no content].




2.2. Phase-Field Simulation Parameters


In the present work, a linearized partial ScNi-Sc2Ni phase diagram was constructed according to the recent thermodynamic assessment of the binary Sc-Ni system by Cao et al. [25], and is displayed in Figure 2a. The melting temperatures of Sc2Ni and ScNi compounds, the liquidus and solidus, as well as the invariant temperatures consistent with the original thermodynamic assessment [25] are also superimposed in Figure 2a. This linearized phase diagram serves as the input of accurate thermodynamic information for quantitative phase-field simulation. Based on the linearized phase diagram, it is known that the extended liquidus of Sc2Ni cannot enter the coupled zone, which provides a possibility for halo formation during solidification [6]. Moreover, the interface energy between liquid and Sc2Ni, liquid and ScNi, as well as that between Sc2Ni and ScNi were set to [image: there is no content] J/cm2, [image: there is no content] J/cm2 and [image: there is no content] J/cm2 respectively. In fact, they were chosen in order to ensure numerical stability during the phase-field simulation. Meanwhile the interface mobility for liquid/Sc2Ni as well as that for liquid/ScNi interface was set as [image: there is no content] cm4/Js and [image: there is no content] cm4/Js in order to be in the diffusion-controlled regime. The four-fold anisotropic function [21] was used in the simulation, i.e., [image: there is no content]). Here, δ is the anisotropic coefficient. The anisotropic coefficients of interface energy and interface mobility were set to 0.5 and 0.3 for Sc2Ni while the anisotropic coefficients of interface energy and interface mobility were set to 0.5 and 0.5 for ScNi.


Figure 2. (a) Linearized phase diagram of Sc-Ni binary alloy from 52.27 at % Sc to 72 at % Sc constructed according to the recent thermodynamic assessment by Cao et al. [25]; (b) Temporal temperature curve (solid-line) and the volume fraction profile (dash-line) during simulation; (c) Ni concentration evolution near the Sc2Ni grain.
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All the phase-field simulations in the present work were carried out in a two-dimensional (2-D) domain (grid-space: 0.2 [image: there is no content]m, interface width: 0.8 [image: there is no content]m). The domain size was chosen to be 500 × 500 grids. The periodic boundary conditions were set for both phase field and concentration field. Moreover, the heat extraction rate of the simulation system was set to be consistent with the experimental information (200 J/m3). The seed undercooling model incorporated in the MICRESS code was used in the present simulation for modeling the nucleation process. In fact, the seed undercooling model was not a physical one, but was just used for a nucleation criterion based on a user-defined critical undercooling [18]. With the seed undercooling model, a new seed is set if the local undercooling at a nucleant position exceeds a predefined critical nucleation undercooling. The local undercooling depends on the local composition, temperature and curvature. For Sc2Ni phase, only one nucleant position at the center of the simulation domain was set. For ScNi phase, the nucleant positions were set randomly along the interface between liquid and Sc2Ni phase. Using additional parameters like the shield time and distance and the frequency of checking for nucleation, one can design the nucleation conditions which are appropriate for the special requirements [18].





3. Results and Discussion


Figure 3 shows the phase-field simulated microstructure evolution in the present Sc-Ni binary alloy during solidification with the heat extraction rate 200 J/m3. In Figure 3a–f, the microstructures at different time slides are presented respectively, i.e., 2.16 s, 2.17 s, 2.19 s, 2.25 s, 2.46 s and 2.84 s. According to the simulation results, the microstructure evolution in this ScNi-Sc2Ni off-eutectic alloy can be divided into three stages.


Figure 3. Phase-field simulated microstructure of the Sc-34 at % Ni binary alloy during solidification at different time slides: (a) 2.16 s; (b) 2.17 s; (c) 2.19 s; (d) 2.25 s; (e) 2.46 s; (f) 2.85 s.



[image: Materials 09 00584 g003 1024]






Stage one: As can be seen in Figure 3a, the primary Sc2Ni grain grows gradually due to the undercooling. During the initial stage of the solidification, lots of latent heat was released due to the relatively large growth velocity of the Sc2Ni grain. Figure 3b presents the temperature curve (solid line) and the volume fraction profile (dash line) along the simulation time. As can be seen in Figure 3b, the maximum temperature over the simulation can reach 1124.7 K, which is higher than the initial temperature by 4.7 K. This is the first recalescence phenomenon in this ScNi-Sc2Ni off-eutectic alloy during solidification. After the first recalescence, the solute starts to enrich near the tip of the Sc2Ni dendrite, as can be seen in Figure 3c. This can result in a decrease of growth rate of the dendrite. When the latent heat released through the liquid-solid phase transformation is less than the heat extracted from the system, the temperature starts to decrease.



Stage two: When the system temperature is lower than the predefined critical nucleation undercooling for the ScNi phase (here, 83 K is set), the secondary phase ScNi can nucleate at the interface of between liquid and Sc2Ni grain, as displayed in Figure 3b. As solidification goes on, the ScNi grains grow fairly quickly, and almost cover the Sc2Ni dendrite, forming a halo structure. The formation of the ScNi halo is due to the relatively large undercooling and growth velocity of ScNi phase. Moreover, as is clearly seen in Figure 3c, several ScNi dendrites appear, and grow into the undercooling melt. However, a large amount of latent heat is released as rapid growth of ScNi particles in an extremely short period (about 0.03 s), which results in the second recalescence phenomenon. Consequently, the system temperature rises up with an extremely large slope (approximate 2223.3 K/s), as can be seen in Figure 2b. Due to the second recalescence phenomenon, the system temperature reaches 1116.7 K, which is higher than the eutectic temperature of the ScNi-Sc2Ni system. With the temperature rising, the Sc2Ni and ScNi dendrites tend to remelt. This can be reflected by the fact in Figure 2b that the volume fraction of Sc2Ni has a slight decrease at the mean time. Moreover, as indicated in Figure 2c, the Ni concentration near the tip of ScNi grains also increases to 36.8 at % on average, at which the two-phase region of liquid and ScNi exists at 1116.7 K. As a result, the solidification sequence changes as the dashed line indicates in Figure 1. Then, the ScNi grains grow as the second primary phase with dendrite structure, as shown in Figure 3d.



Stage three: In this stage, the temperature drops to an approximate equilibrium value (1112.8 K) which is slightly below the eutectic temperature (1113.3 K). The first primary phase Sc2Ni, the second primary phase ScNi and the Sc2Ni-ScNi lamellar eutectic structure grow simultaneously. As can be seen in Figure 3e,f, Sc2Ni grows through the gap between two neighboring ScNi grains and surround the ScNi dendrites in the marked “region A”. Meanwhile, the lamellar eutectic structure appears during the coupled growth of Sc2Ni and ScNi, corresponding to the marked “region B”. Furthermore, the necking and detachment phenomenon appear in some branches of the ScNi dendrites, marked as region “C” due to the effect of curvature and microsegregation [18]. The grains detached from the ScNi dendrites will grow as round isolated islands and distribute in the liquid phase homogeneously.



As indicated above, the present phase-field simulation can well reproduce the experimental microstructure. Likewise, the phase-field simulation can also nicely reveal the mechanism for the anomalous halo formation in the present ScNi-Sc2Ni off-eutectic binary alloy. In the relatively small arc-melted sample, no noticeable temperature gradient exits. Thus, the latent heat released during solidification cannot be transported out immediately and may influence the local sample temperature field. The released latent heat causes the recalescence phenomenon and changes the solidification sequence accordingly, resulting in such anomalous halo structure.




4. Conclusions


In summary, an anomalous halo formation was observed in an arc-melted ScNi-Sc2Ni off-eutectic binary alloy. Considering that the previously proposed mechanisms cannot give good explanations, the quantitative phase-field simulation was utilized to reproduce the microstructure evolution in the target alloy. Based on the phase-field simulation, one knows that (i) the large undercooling and growth velocity of the ScNi phase during solidification cause the formation of halos; and (ii) the released latent heat induces the recalescence phenomenon, and changes the solidification sequence largely, resulting in the anomalous halo structure in the Sc-34 at % Ni alloy.







Acknowledgments


The financial support from the National Natural Science Foundation for Youth of China (Grant No. 51301208), the National Natrual Science Foundation of Cihna (Grant No. 51429101), the Hunan Provincial Natural Science Foundation for Youth of China (Grant No. 2015JJ3146) and the graduate innovative project in Central South University (Grant No. 502210003) is acknowledged. Lijun Zhang acknowledges the project supported by State Key Laboratory of Power Metallurgy Foundation, Central South University, Changsha, China.




Author Contributions


Kai Wang and Lijun Zhang conceived and designed the experiments and phase-field simulation; Kai Wang and Ming Wei performed the experiments and phase-field simulation; Kai Wang analyzed the data; Kai Wang and Lijun Zhang wrote the paper.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
Heiberg, G.; Nogita, K.; Dahle, A.; Arnberg, L. Columnar to equiaxed transition of eutectic in hypoeutectic aluminium-silicon alloys. Acta Mater. 2002, 50, 2537–2546. [Google Scholar] [CrossRef]

	2. 
Teng, J.; Liu, S.; Trivedi, R. Growth and morphology of rod eutectics. Acta Mater. 2008, 56, 2819–2833. [Google Scholar] [CrossRef]

	3. 
Gali, A.; Bei, H.; George, E. Thermal stability of Cr-Cr3Si eutectic microstructures. Acta Mater. 2009, 57, 3823–3829. [Google Scholar] [CrossRef]

	4. 
Asta, M.; Beckermann, C.; Karma, A.; Kurz, W.; Napolitano, R.; Plapp, M.; Purdy, G.; Rappaz, M.; Trivedi, R. Solidification microstructures and solid-state parallels: Recent developments, future directions. Acta Mater. 2009, 57, 941–971. [Google Scholar] [CrossRef]

	5. 
Ventura, T.; Terzi, S.; Rappaz, M.; Dahle, A.K. Effects of Ni additions, trace elements and solidification kinetics on microstructure formation in Sn-0.7Cu solder. Acta Mater. 2011, 59, 4197–4206. [Google Scholar] [CrossRef]

	6. 
Nave, M.; Dahle, A.; StJohn, D. Halo formation in directional solidification. Acta Mater. 2002, 50, 2837–2849. [Google Scholar] [CrossRef]

	7. 
Li, K.; Li, S.; Xue, Y.; Fu, H. Halo formation in arc-melted Cr-Nb alloys. J. Cryst. Growth 2012, 357, 30–34. [Google Scholar] [CrossRef]

	8. 
Li, S.; Jiang, B.; Ma, B.; Fu, H. Halo formation in directional solidification of Ni-Ni3Nb hypereutectic alloy. J. Cryst. Growth 2007, 299, 178–183. [Google Scholar] [CrossRef]

	9. 
Gigliotti, M.F.X.; Colligan, G.A.; Powell, G.L.F. Halo formation in eutectic alloy systems. Metall. Trans. 1970, 1, 891–897. [Google Scholar] [CrossRef]

	10. 
Suk, M.J.; Leonartz, K. Halo growth during unidirectional solidification of camphor–naphthalene eutectic system. J. Cryst. Growth 2000, 213, 141–149. [Google Scholar] [CrossRef]

	11. 
Dahle, A.K.; Nogita, K.; McDonald, S.D.; Zindel, J.W.; Hogan, L.M. Eutectic nucleation and growth in hypoeutectic Al-Si alloys at different strontium levels. Metall. Mater. Trans. A 2001, 32, 949–960. [Google Scholar] [CrossRef]

	12. 
Barclay, R.; Niessen, P.; Kerr, H. Halo formation during unidirectional solidification of off-eutectic binary alloys. J. Cryst. Growth 1973, 20, 175–182. [Google Scholar] [CrossRef]

	13. 
Li, K.W.; Wang, X.B.; Li, S.M.; Wang, W.; Chen, S.; Gong, D.; Cui, J. Halo Formation in Binary Fe-Nb Off-eutectic Alloys. High Temp. Mat. Process. 2015, 34, 479–485. [Google Scholar] [CrossRef]

	14. 
Sundquist, B.E.; Bruscato, R.; Mondolfo, L.F. Eutectic structure. J. Inst. Met. 1962–1963, 91, 204. [Google Scholar]

	15. 
Kofler, A. Precipitation anomalies during isothermal crystallization from undercooled binary organic melts. J. Aust. Inst. Met. 1965, 10, 132. [Google Scholar]

	16. 
Böttger, B.; Eiken, J.; Steinbach, I. Phase field simulation of equiaxed solidification in technical alloys. Acta Mater. 2006, 54, 2697–2704. [Google Scholar] [CrossRef]

	17. 
Monas, A.; Shchyglo, O.; Kim, S.J.; Yim, D.C.; Höche, D.; Steinbach, I. Divorced Eutectic Solidification of Mg-Al Alloys. JOM 2015, 67, 1805–1811. [Google Scholar] [CrossRef]

	18. 
Wei, M.; Tang, Y.; Zhang, L.; Sun, W.; Du, Y. Phase-Field Simulation of Microstructure Evolution in Industrial A2214 Alloy During Solidification. Metall. Mater. Trans. A 2015, 46, 3182–3191. [Google Scholar] [CrossRef]

	19. 
Ta, N.; Zhang, L.; Tang, Y.; Chen, W.; Du, Y. Effect of temperature gradient on microstructure evolution in Ni-Al-Cr bond coat/substrate systems: A phase-field study. Surf. Coat. Technol. 2015, 261, 364–374. [Google Scholar] [CrossRef]

	20. 
Wang, K.; Wei, M.; Zhang, L.; Du, Y. Morphologies of Primary Silicon in Hypereutectic Al-Si Alloys: Phase-Field Simulation Supported by Key Experiments. Metall. Mater. Trans. A 2016, 47, 1510–1516. [Google Scholar] [CrossRef]

	21. 
MICRESS 2010. Available online: http://web.micress.de (accessed on 14 July 2016).

	22. 
Zhang, L.; Steinbach, I.; Du, Y. Phase-field simulation of diffusion couples in the Ni-Al system. Int. J. Mater. Res. 2011, 102, 371–380. [Google Scholar] [CrossRef]

	23. 
Ta, N.; Zhang, L.; Du, Y. Design of the Precipitation Process for Ni-Al Alloys with Optimal Mechanical Properties: A Phase-Field Study. Metall. Mater. Trans. A 2014, 45, 1787–1802. [Google Scholar] [CrossRef]

	24. 
Böttger, B.; Eiken, J.; Apel, M. Phase-field simulation of microstructure formation in technical castings-A self-consistent homoenthalpic approach to the micro-macro problem. J. Comput. Phys. 2009, 228, 6784–6795. [Google Scholar] [CrossRef]

	25. 
Cao, Z.; Liu, S.; Fang, X.; Cheng, K.; Gao, Q.; Du, Y.; Wang, J.; Zhang, J.; Huang, W.; Tang, C. Experimental investigation and thermodynamic analysis of the Sc-Ni system supplemented with first-principles calculations. Thermochim. Acta 2014, 586, 30–39. [Google Scholar] [CrossRef]













© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/).







nav.xhtml


  materials-09-00584


  
    		
      materials-09-00584
    


  




  





media/file0.png
50pm






media/file1.png
Temperature(K)
g 8 8

x(Seat%)

Temperature(K)

i)

8

g

E}

s

a

i

NN
IN?OS JO UOHOBIJ BWNJOA

Tt
Simulation Time(s)

Ni Concentration(at %)

8

8

]

8

2

2

P

v 15
Simuaton ime(s)






media/file2.png
time=2.16s i ime=2

X X X

(d) time=2.25s (e) time=2.46s (f) time=2.85s

Concentration
of Ni (at.%)
8

IS
EN

N
o

W
[

HMHMHHIHH\HH
N [ S
® ) bS]






