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Abstract:



The relationship between emissivity, delay time, and surface growth for metastable solidification of CoSi-62 at. % eutectic alloys is reported from undercooling experiments conducted using electrostatic levitation. A fraction of the undercooled melt is first solidified to CoSi2 with subsequent nucleation in the mushy-zone of CoSi after an observed delay time. During this double recalescence event, the temperature of the secondary recalescence exceeds the liquidus, indicating that the spectral emissivity has changed. This emissivity change increases with longer delay times during solidification and is linked to the growth of cellular structure on the sample surface. Density measurements showed that the cellular structure begins to grow rapidly at a certain time during metastable solidification. This phenomenon is likely associated with the constitutional undercooling of the remaining melt.
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1. Introduction


Crystallization is one of the fundamental issues in materials science and condensed matter physics due to its critical role in understanding the processes of nucleation, solidification, and solid-state phase transformation. It is also of significant importance in alloy design and in the control of single crystal growth. Various crystallization pathways and growth mechanisms of deeply supercooled [1,2,3,4], supersaturated [5,6], and even super-compressed [7,8,9] metastable phases were extensively reported based on various experimental techniques using electrostatic levitation (ESL), electromagnetic levitation (EML), aerodynamic levitation (ADL), and diamond anvil cell (DAC).



In metallic liquids, crystallization pathways and growth morphology evolution depend on the degree of undercooling. If the undercooling exceeds a critical amount, some alloy classes show double recalescence, where solidification proceeds through a metastable phase before a thermodynamically stable phase forms. Here, there is a two-phase region where the metastable solid and the remaining liquid coexist in a condition known as the mushy-zone. Solute partitioning and rejection cause gradients of temperature and composition with subsequent deviation from the equilibrium phase diagram; the remaining liquid may be significantly constitutionally undercooled in the mushy-zone. Then, competitive nucleation and growth of the metastable and stable phases determine the growth kinetics [10,11,12,13] and evolution of the final microstructure [14,15,16]. The microstructure depends on the ratio of temperature gradient and crystal growth rate [17] combined with interfacial kinetics [18,19]. These are also influenced by fluid flow (or convection), because fluid flow affects the heat and mass transport at the solid-liquid interface [14]. However, direct observation of surface growth during the metastable solidification of alloys consisting of two-line compounds has not been reported in experiments. In the present work, a CoSi-CoSi2 eutectic alloy at composition of CoSi-62 at. % was chosen as a model system due to its unique features [14] to allow an investigation of the relationship between delay time and surface growth on metastable solidification in the mushy-zone from undercooling experiments using electrostatic levitation (ESL). An emissivity change was observed during double recalescence of the melt. This phenomenon relates to the delay time as a function of undercooling with associated change in surface morphology. Density measurements were conducted during the cooling process to observe how these changes are related to each other and what factors affect their relevance.




2. Materials and Method


CoSi-62 at. % alloys (Co 99.95%, Si 99.995%/Alfa Aesar, Haverhill, MA, USA) were prepared by arc-melting the pure element under an Ar atmosphere. A zirconium sphere was used as an oxygen getter to reduce the remaining oxygen in the arc-melting chamber prior to the melting of the elements. The amount of mass evaporation during the arc-melting was less than 0.2% of the initial mass. The ESL facility at the NASA Marshall Space Flight Center (MSFC) in Huntsville, AL was used to study the crystallization behavior of melts. Samples with a mass of approximately 35 mg (a diameter of ~2 mm) were levitated between two electrodes and melted by using a high voltage amplifier and a Nd:YAG high-power laser under an ultra-high vacuum (UHV) condition of ~10−7 Torr. The temperature of the sample was monitored with a Mikron MI-GA140 single-color pyrometer with a spot size of ~0.8 mm, which was operated at a wavelength range of 1.45 μm–1.8 μm. After several thermal cycles in the ESL, the amount of mass evaporation was held to less than 1.5% of the initial mass. For density evaluation, a UV back-light was used to capture a shadow of levitated samples into a high-speed camera. The camera was focused such that radial color gradient across the edge of the projected sample image was between 4 and 8 pixels. A tungsten-carbide sphere with a diameter of 2.2 mm was used for the calibration to establish the required pixel-to-meter conversion factor. During the density analysis procedure, the midpoint of the color gradient across the edge of the sample was found and the encompassed area was taken to be the projected area of the sample [20]. After the ESL experiments, the microstructure of the samples was observed using a Phenom ProX scanning electron microscopy (SEM) in back-scatter mode.




3. Results and Discussion


3.1. Time-Temperature Profiles and Delay Time


Figure 1a shows the representative time-temperature profile of a CoSi-62 at. % alloy during heating and cooling in the ESL. The solid alloy is heated up to its liquidus temperature (Tl) near 1587 K, and the liquid is heated up to a desired temperature to dissolve the oxygen-containing phases of the melt [21]. This overheating allows the melt to be undercooled deeply below its Tl when the heating laser is turned off. After undercooling, the melt often shows double recalescence on solidification where a fraction of the melt is first solidified as a primary phase, with subsequent solidification to a second phase after a delay time given by the duration of the intervening thermal plateau. Previous studies showed that the primary and secondary phases are CoSi2 and CoSi, respectively, based on an in situ synchrotron X-ray diffraction experiment [15] and microstructure evaluations [14,15] when samples are undercooled deeply. This phase sequence is also supported by comparing the interfacial free energy and nucleation barrier of the two phases based on the classical nucleation theory [14,15]. A small hump before the secondary recalescence is often observed, but its origin is still unclear.


Figure 1. (a) Representative time-temperature profile of a CoSi-62 at. % alloy processed in the electrostatic levitator (ESL). The liquidus temperature (marked by a red dotted line) was determined based on the Co-Si phase diagram. (b) Changes of delay time as a function of undercooling of the melt. The delay time shows three distinct regions of behavior.
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Figure 1b shows changes of delay time as a function of undercooling of the melt, which indicates three distinct regions of behavior. At low undercoolings, the delay time linearly decreases with undercooling, and it reaches close to zero in an intermediate undercooling region. The delay time rises rapidly at critical undercooling and decreases again at high undercoolings. However, its initial value is much longer than observed at low undercoolings. In general, the delay time is determined by the combination of an incubation time for nucleation of the secondary phases and a thermal balance between the remaining melt and the freezing primary phase. Therefore, the change of the delay time behavior between low and high undercoolings means that the primary phase was changed; thus, phase selection depends on the degree of undercooling. Li et al. [15] suggested that at low undercoolings, CoSi solidifies primarily as the leading phase with a single recalescence event (zero delay time). On the other hand, Zhang et al. [14] showed that a two-step recalescence is found in both low and high undercoolings, and the primary phase is CoSi at low undercoolings. Therefore, it is supposed that the sequence of primary phase formation is reversed at low undercoolings, but it seems to be more complicated at an intermediate undercooling with the nearly zero-delay behavior. The remainder of the paper will deal with analysis of the high undercooling region with primary CoSi2 and secondary CoSi solidification, and details of the phase sequence will be discussed in future work.




3.2. Emissivity Change during Solidification


As shown in Figure 1a, the recalescence temperature for the secondary CoSi phase exceeds the liquidus (marked by a red dotted line in Figure 1a) of the bulk composition, and is associated with a sudden temperature drop of about 80 K (marked by a red arrow in Figure 1a) on a subsequent heating cycle. This drop of temperature signal is likely attributed to the changing spectral emissivity with temperatures. In general, the emissivity for solids is strongly dependent on surface roughness and surface layers of oxides, making it a more extrinsic property. In contrast, liquid surfaces are smoother and therefore should provide more intrinsic values [22,23]. In the mushy-zone, therefore, these two effects have to be considered together. Figure 2a shows the comparison of the time-temperature profiles of samples having different undercoolings of the melt. It is found that the recalescence temperature (TR1) of primary CoSi2 phases does not depend on undercooling (Figure 2b). However, the remaining melt becomes more Co-richer than the bulk composition as the undercooling increases. After recalescence, the fraction solid of a CoSi-62 at. % phase can be predicted by the Stefan Equation:


Cp ΔT = fs ΔHf



(1)




where Cp is the specific heat, ΔT is the undercooling, and fs and ΔHf are the fraction solid and heat of fusion, respectively. Using the data of Cp and ΔHf at the melting temperature (42 J/mol·K [24] and 35678 J/mol [25]), one can estimate the fs to be 0.179 and 0.302 for undercoolings of 152 K and 257 K, respectively. Furthermore, one can estimate compositions of the remaining melt to be CoSi-60.9 at. % and CoSi-60 at. %, respectively. This small difference in the composition is due to a similar stoichiometric composition between CoSi2 and the bulk melt. Additionally, the independent measurement of CoSi2 alloys shows little emissivity change upon nucleation of their melt with different degree of undercoolings (not shown). Therefore, it is concluded that the emissivity difference of the solid and liquid phases is negligible in the measured undercooling regions, and thus the primary recalescence temperatures is nearly independent of undercooling.


Figure 2. (a) Illustration of time-temperature profiles for different undercoolings. Changes of the recalescence temperature for (b) primary (CoSi2) and (c) secondary (CoSi) phases as a function of undercooling of the melt.
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Unlike the primary recalescence temperature, that of secondary CoSi phases decreases with higher undercoolings, as shown in Figure 2c. Moreover, it is found that the degree of the temperature drop on the heating process is proportional to the delay time (thus undercooling), as shown in Figure 3. This relation means that the emissivity change occurs during the delay period prior to secondary recalescence and thus is likely associated with the accumulation of surface roughness.


Figure 3. Relation between temperature drop (marked by a red arrow in inset) on heating curve and delay time. The degree of the temperature drop increases with increasing delay time.
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3.3. Microstructure and Density Measurements


Figure 4 shows back-scattered SEM micrographs of the surface of four samples that were radiatively cooled during ESL testing. Those samples attain low (43 K), medium (98 K), and high (145 K and 252 K) undercoolings prior to solidification, respectively.


Figure 4. Back-scattered SEM micrographs for the surface of CoSi-62 at. % alloys processed (radiatively cooled) in the ESL. (a,b) Low (ΔT = 43 K, Δt = 4.57 s), (c,d) medium (ΔT = 98 K, Δt = ~0 s), (e,f) high (ΔT = 145 K, Δt = 12.13 s), and (g,h) high (ΔT = 252 K, Δt = 8.88 s) undercoolings.
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At the low undercooling, the surface shows CoSi particles (white contrast) and CoSi2 grains (dark contrast). The coarsened CoSi particles are identified as the primary phase, since each of them is enveloped by the growth of the CoSi2 grains. At the medium undercooling, the grain size of CoSi2 phases is increased, and rounded-like CoSi particles are observed.



However, the surface shows a dramatic change in structure at the high undercoolings, which shows a cellular-like structure due to the significant coarsening of the proto-dendritic structure formed during recalescence. This is clearly seen for the sample with an undercooling of 145 K, which experienced significant coarsening during the long delay time. Small dots of white contrast in Figure 4f,h were confirmed as CoSi, which are formed during secondary recalescence. Therefore, it is supposed that the emissivity change is associated with the surface roughness of the cellular-like structure rather than the nucleation of CoSi. The cellular structure exhibits a non-planar view factor with more surface which can emit more radiative energy. Thus, it has high emissivity. This microstructural evidence also supports the previous observation (Figure 1b) that three growth regimes occur as a function of delay time.



The density measurements provided more evidence for the change of the surface roughness. Figure 5a shows the time-density (right axis) and time-temperature (left axis) profiles of a sample with ΔT = 207 K during solidification. Unlike in cases of other metallic melts, the density shows an unusual aspect with distinct regions of behavior. First, a fraction of the melt is solidified to the metastable CoSi2 phase, and grows across the entire surface of the droplet (see region A in Figure 5a), and therefore the density increases. However, the density begins to slightly decrease (see region B in Figure 5a) from a certain time before the second recalescence. The density of crystalline materials usually decreases in solidification. Therefore, this decrease should be viewed as a change of apparent density and can be understood as follows. Following the primary growth of CoSi2 in metastable solidification at high undercoolings, the remaining melt becomes more Co-rich liquid than the bulk composition, and its liquidus temperature increases based on the equilibrium Co-Si phase diagram. In this case, the melt becomes constitutionally undercooled, because the cellular structure can grow under such conditions. Figure 5b shows surface images of the droplet during the solidification of the melt. The sample surface at time interval A (marked by the first red arrow in Figure 5a) shows a smooth surface, while at time interval B the surface is characterized by significant roughness (marked by the second red arrow in Figure 5a). This change of the surface roughness can be ascribed to liquid decanting from the sample surface driven by Marongoni convection, and viewed as the sign of the occurrence of a constitutional undercooling of the remaining melt during time interval B.


Figure 5. (a) Time-density and time-temperature profiles of a CoSi-62 at. % melt during solidification. The density shows a distinct behavior dependence on delay time. (b) Video images captured at A and B regions. The corresponding times to the images are 861.4 s and 863.1 s for points 1 and 2, respectively.
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Since density generally is evaluated based on the edge detection of levitated liquid or solid droplets in a levitation experiment [26,27], the volume in time interval B of Figure 5a can be overestimated due to the cellular structure, resulting in a decrease in the observed apparent density. As shown in Figure 5b, the sudden change of surface roughness due to liquid decanting from the sample surface strongly supports this behavior. After the formation of the cellular structure, the density increases again (see region C in Figure 5a). The following sudden drop of the density upon the secondary recalescence is due to partial melting of the CoSi2 phase, and is consistent with the lowering of the thermal plateau temperature.



Figure 6a shows the time-temperature curve of a sample that has a short delay time of about 5.5 s. Unlike the profile shown in Figure 1a, the secondary recalescence temperature does not exceed the liquidus one of the bulk alloy, and no temperature drop is observed upon subsequent heating. This contrast in the thermal behavior also demonstrates that the emissivity change is associated with the constitutional undercooling of the remaining melt following metastable solidification with the primary growth of CoSi2. Initially, the spectral emissivity of the liquid is assumed to be 0.25, but during this isothermal temperature hold the temperature appears to change, and this change can be re-evaluated based on the calculation of the emissivity shift. The data are plotted as a function of delay time in Figure 6b. If the experimental data are extrapolated to a critical delay time of 4.3 s, one may find that there is no emissivity change (or apparent temperature drop). This result is in agreement with the experimental observation of Figure 6a.


Figure 6. (a) Time-temperature profile of a CoSi-62 at. % alloy with a short delay time. No temperature drop (marked by a red arrow) is observed on the subsequent heating curve. (b) Relation between delay time and change of spectral emissivity. The emissivity change for the temperature drop was calculated by assuming the emissivity of the liquid phase to be 0.25.
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4. Conclusions


In summary, the metastable solidification of CoSi-62 at. % eutectic alloys in an ESL facility has been investigated. At high undercoolings, double recalescence events have been observed where the CoSi2 phase is first nucleated and the CoSi phase follows after a delay time in the mushy-zone. A change of spectral emissivity has been observed during the second event. This change increases with the delay time and has been correlated with the formation of a cellular structure. It has been shown that the cellular structure evolves shortly before the second recalescence and is most likely a result of the constitutional undercooling of the remaining melt. This work represents the first direct observation of the growth of cellular structures during metastable solidification in the mushy-zone that influences surface emissivity.
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