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Abstract 25 

 Solidification and growth behavior of undercooled eutectic CoSi–CoSi2 melts was 26 

observed using containerless levitation and in situ high-energy synchrotron X-ray diffraction 27 

techniques. Three metastable solidification pathways of eutectic CoSi–CoSi2 were 28 

determined as a function of undercooling. Upon double recalescence at low undercoolings the 29 

primary and secondary phases are CoSi and CoSi2, while at high undercoolings the phase 30 

formation sequence is reversed. At intermediate undercoolings a single recalescence was 31 

observed and attributed to a crossover of the nucleation barriers for the two phases. Scanning 32 

electron microscopy combined with electron back-scattering diffraction measurements 33 

revealed changes of the morphological characteristics and orientation of CoSi and CoSi2 34 

phases for different solidification pathways. 35 

 36 

Keywords: Eutectic Co–Si; Undercooling; Metastable solidification; In situ synchrotron X-37 

ray diffraction; Electron back-scattering diffraction 38 
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1. Introduction  50 

 Rapid solidification of undercooled eutectic alloys has attracted considerable interest 51 

in past decades due to their unique competitive nucleation and growth mechanisms. In 52 

particular, many studies have been carried to understand non-equilibrium phenomena such as 53 

metastable solidification behavior and a morphological transition from regular lamellar 54 

eutectic to anomalous eutectic in a number of eutectic systems such as Ni–Sn [1–3], Ni–Si 55 

[4,5] Co–Sn [6,7], Ag–Cu [8,9], and Co–Si [10–14]. Solidification microstructures of those 56 

alloys have been shown to depend on experimental conditions. In addition to undercooling 57 

and cooling rates, levels of melt convection often differ using electrostatic levitation (ESL), 58 

electromagnetic levitation (EML), and glass-fluxing (GF) techniques [13–15]. The influence 59 

of these different experimental conditions was accomplished in past literature using thermal 60 

imaging of solidifying alloys and post-mortem microscopic analysis of solidified alloys [13].  61 

Time-resolved X-ray diffraction (XRD) using synchrotron radiation has been performed to 62 

unambiguously determine metastable solidification pathways for undercooled Co–Si eutectic 63 

melts [12,14]. 64 

 The Co–Si system includes five intermetallic compounds of α-Co3Si, α-Co2Si, β-65 

Co2Si, CoSi, and CoSi2 [16,17]. Two compound-compound eutectics exist at Co–rich 66 

(Co2Si–CoSi) and Si–rich (CoSi–CoSi2) composition, respectively. Metastable solidification 67 

behavior for these systems has been investigated in the past using several different methods. 68 

Yao et al. reported an anomalous eutectic structure and divorced growth in Co2Si–CoSi melt 69 

droplets using containerless drop-tube processing [11]. By means of microstructural studies 70 

and time-resolved XRD experiments, Wang et al. determined five solidification paths and 71 

identified two mechanisms for formation of anomalous eutectic in GF-processed melts of 72 

hypereutectic Co2Si–CoSi composition [12]. For the CoSi–CoSi2 eutectic, various 73 

containerless levitation techniques were applied to study phase selection and microstructure 74 
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formation in undercooled melts. A microstructural transition from lamellar eutectic to 75 

anomalous eutectic was observed in drop tube-processed samples of different sizes [10]. 76 

Using a combination of EML and synchrotron XRD, Li et al. demonstrated that upon 77 

solidification at deep undercoolings CoSi–CoSi2 melts show double recalescence in which 78 

primary and secondary phases are CoSi2 and CoSi, respectively [14]. Zhang et al. reported 79 

different growth kinetics of primary and secondary phases during double recalescence [13]. 80 

By comparing recalescence behavior observed under different melt convection conditions 81 

they suggested that melt convection has a significant effect on the incubation delay time 82 

between nucleation of a primary and a secondary phase based on experimental observations. 83 

However, it is not clear how the combined effects of convection and undercooling influence 84 

microstructural evolution in eutectic CoSi–CoSi2 alloys, especially in light of the potential 85 

influence of constitutional undercooling and supersaturation [13,14]. Zhang et al. also 86 

proposed formation of an unknown metastable phase following primary growth of CoSi2 in 87 

the mushy zone of Co–61.8 at. % Si melts [13].  However, approach and analysis for such 88 

phenomena are often difficult due to the influence of heterogeneous nucleation or the 89 

disruptive development of melt convection hindering attainment of deep undercooling or 90 

enhanced supersaturation of the melt, respectively. 91 

 In this work, solidification of undercooled eutectic CoSi–CoSi2 (Co–61.8 at. % Si) 92 

alloys is studied using ESL techniques in order to attain quiescent melt conditions and 93 

systematically characterize structural evolution. In parallel, in situ synchrotron XRD 94 

experiments have been conducted on electromagnetically levitated samples to verify the 95 

sequence of phase formation as a function of undercoolings.  96 

 97 

2. Experimental 98 
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 Co38.2Si61.8 (at. %) alloys were prepared by arc-melting the pure elements (Co 99 

99.95%, Si 99.995%, Alfa Aesar) under an Ar atmosphere. A zirconium sphere was used as 100 

an oxygen getter to scavenge the remained oxygen in the arc-melting chamber prior to 101 

melting of the constituents. The mass loss during the arc-melting process was less than 0.2% 102 

of the initial mass. 103 

 104 

2.1 Electrostatic levitation 105 

 The ESL facility at the NASA Marshall Space Flight Center (MSFC) in Huntsville 106 

AL was used to study the rapid solidification behavior of quiescent melts. Samples with a 107 

mass of approximately 35 mg (a diameter of approx. 2 mm) were levitated between two 108 

electrodes and melted using a high voltage amplifier and a Nd-YAG high power laser under 109 

ultra-high vacuum (UHV) conditions of 10−7 Torr. The temperature of levitated samples was 110 

monitored with a Mikron MI-GA140 single-color pyrometer which is operated at a 111 

wavelength range of 1.45 – 1.8 µm. Each thermal cycle involved preheating, melting, and 112 

solidification of each sample.  Before each cycle, the sample was thermally preconditioned to 113 

a temperature just below melting to ensure sample stability. Once levitated, the laser power 114 

was increased to induce melting and superheat the liquid.  When the laser power was turned 115 

off the sample was allowed to freely cool by radiative heat loss until it fully solidified. Once 116 

several thermal cycles had been run on a given sample, testing was halted such that the 117 

evaporative loss was held to less than 2% of the initial mass. 118 

 119 

2.2 In situ X-ray diffraction 120 

 Time-resolved in situ XRD measurements were conducted at the P07 high-energy 121 

material science beamline of the third-generation radiation source PETRA III at the 122 

Deutsches Elektronen-Synchrotron (DESY) in Hamburg [18] using an EML facility 123 
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developed by IFW Dresden. Samples with a mass of approximately 1.1 g (a diameter of 124 

approx. 6 mm) were placed in an UHV chamber backfilled to 450 mbar with high purity He 125 

gas after evacuation. Positioning and heating of EML samples were realized through use of a 126 

water-cooled copper coil powered by a 10 kW generator operating at 280 kHz. Active sample 127 

cooling was achieved by recirculation of the inert gas atmosphere (He) across the sample 128 

surface. The temperature of the levitated sample was monitored with a Mergenthaler single-129 

color pyrometer operated at a wavelength range of 1.6 – 2.1 µm. Time-resolved, high-energy 130 

(E = 98 keV, λ = 0.1264 Å) XRD studies have been conducted in transmission mode using a 131 

hybrid pixel PILATUS3 X 2M CdTe detector (DECTRIS) at a sampling rate of 25 – 250 Hz. 132 

The recorded two-dimensional diffraction patterns were azimuthally integrated using the 133 

FIT2D software [19]. 134 

 135 

2.3 Microstructural analyses 136 

 Following completion of melt processing, the surface of the sample was observed 137 

using a Phenom ProX scanning electron microscope (SEM) (ThermoFisher Scientific) in 138 

back-scatter mode to identify regions for further study and determine how sectioning was to 139 

be accomplished. The preparation of the samples followed standard metallographic 140 

preparation rules: grinding with SiC sandpaper, polishing with a suspension of Al2O3 141 

followed by polishing with an SiO2 suspension of pH 9.8. The resulting cross section was 142 

near the center of each sample. The internal microstructure of the ESL processed samples 143 

was investigated using a Merlin SEM (Zeiss).  Electron backscatter diffraction (EBSD) 144 

patterns were recorded in 70° tilt mode using an AZtecHKL EBSD-system with Nordlys 145 

Max3 detector (Oxford Instruments). AZtecHKL software was used to index the recorded 146 

patterns and to visualize the results. The crystal structures used for indexing are taken from 147 

Pearson’s crystal structure database for inorganic compounds entries 526854 (CaF2-type 148 
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CoSi2) and 452960 (FeSi-type CoSi). Three-dimensional morphology of the samples was 149 

studied by X-ray computed tomography (XCT) using a phoenix nanotom m CT system (GE 150 

Sensing & Inspection Technologies). Two-dimensional projection images of the samples 151 

were acquired using a tungsten X-ray source operating at the acceleration voltage of 130 kV 152 

and the current of 100 µA. The reconstruction and visualization of the volume models was 153 

done using phoenix datos|x2 (GE Sensing & Inspection Technologies), VGStudio (Volume 154 

Graphics), and VirtualDub [20] software. 155 

 156 

3. Results and Discussion  157 

3.1 Undercooling, delay time, and phase selection 158 

 Fig. 1 shows representative temperature-time profiles of Co–61.8 at. % Si alloys 159 

solidified with different degrees of undercooling in the ESL. The degree of undercooling ∆T 160 

was determined with a difference between the nucleation temperature of undercooled melts 161 

and the liquidus temperature TL of the melt. In general, during levitation experiments a 162 

fraction of an undercooled melt solidifies under non-equilibrium conditions, causing rapid 163 

release of latent heat between solid and liquid phases accompanied by a characteristic 164 

recalescence event (sudden temperature rise). The remaining melt solidifies during post 165 

recalescence under conditions close to equilibrium. In Fig. 1a, at a low undercooling of 66 K 166 

the thermal profile shows not one, but two distinct temperature rise events (or double 167 

recalescence). A fraction of the melt first solidifies as a primary phase with subsequent 168 

solidification to a secondary phase after a delay time, τ, defined as the duration between the 169 

two recalescence events. The recalescence temperature of the secondary phase is slightly 170 

lower than that of the primary phase.  171 

 At intermediate undercoolings, the thermal profiles typically exhibit three types of 172 

behavior as shown in Fig. 1b. The first behavior mode is double recalescence where the slope 173 
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of the cooling curve following primary recalescence is distinctly different from that detected 174 

at low undercoolings, implying a change of the primary solidifying phase as indicated by the 175 

black line in Fig. 1b. In addition, the recalescence temperature of the secondary phase 176 

exceeds the bulk sample liquidus. This thermal anomaly is associated with a sudden drop in 177 

temperature during the melting stage of the subsequent heating curve and can be attributed to 178 

a shift of the phase-specific emissivity [21]. The second behavior mode involves double 179 

recalescence combined with a short delay time. During this rare case, shown as the blue line 180 

in Fig. 1b, the strong recalescence of the secondary phase is not observed. The third behavior 181 

mode involves a single recalescence at intermediate undercoolings as indicated with the red 182 

line in Fig. 1b. These three solidification behaviors occur randomly in the intermediate 183 

undercooling range between 100 K and 150 K. At undercoolings higher than about 150 K 184 

(Fig. 1c), the thermal profiles show a double recalescence which is similar to that observed at 185 

intermediate undercoolings. However, prior to nucleation of the secondary phase the 186 

temperature profile exhibits a small hump (see arrow in Fig. 1c). This hump begins at a 187 

narrow band of temperatures just prior to initiation of the second recalescence. 188 

 Fig. 2 shows a relation between the undercooling ∆T and delay time τ obtained from 189 

the temperature-time profiles. At low undercoolings, the delay time decreases with increasing 190 

undercooling. This is consistent with nucleation and growth models involving a competition 191 

between stable and metastable phases; such behavior is also reported for other alloy systems 192 

which exhibit double recalescence [22,23]. However, the delay time shows a large scatter in 193 

the range of 0 to 12 s at intermediate undercoolings. The delay time decreases again at high 194 

undercoolings, but its initial value is much higher than observed at low undercoolings.  195 

 Zhang et al. reported that the delay time of Co–61.8 at. % Si alloys depends on 196 

experimental conditions [13]; at undercooling regions of ~ 150 K, the delay times do not 197 

exceed 2 s for samples processed by EML but are 3.765 s and 0.94 s at undercoolings of 122 198 
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K and 222 K for samples processed by EML with static magnetic field, respectively. In other 199 

work [14], the delay time of Co–61.8 at. % Si alloys using EML was about 9.6 s at an 200 

undercooling of 140 K. These previous results imply that the transformation delay time 201 

depends on the level of melt convention induced by different experimental techniques 202 

[24,25]. The intensity of melt flow would also depend on the volume fraction of primary 203 

solid. In the current work, all the alloys are free from the flow induced by an electromagnetic 204 

force and are characterized by quiescent conditions. Marangoni melt convection driven by a 205 

temperature gradient of about 5 K would initially be weak during melting; during 206 

solidification the flow would dampen to zero. Therefore, it could be assumed that the relation 207 

between undercooling and delay time in Fig. 2 is the result of a combination between growth 208 

of the primary phase and nucleation of the secondary phase under near homogeneous 209 

nucleation condition. On the basis of these points, the three distinct regions of delay time 210 

behavior imply that eutectic CoSi−CoSi2 may follow three metastable solidification pathways 211 

depending on the sample undercooling in the absence of melt convection. In the following 212 

text, the three pathways are referred to as pathway Ι, ΙΙ, and ΙΙΙ, and the undercooling range 213 

where each pathway is observed is marked by gray, yellow, and green highlights, 214 

respectively.   215 

 Previous studies showed that at high undercoolings the primary and secondary phases 216 

are CoSi2 and CoSi, respectively based on in situ synchrotron XRD experiments [14] and 217 

microstructure evaluation [13,14]. It was also demonstrated that the phase formation 218 

sequence is reversed at low undercoolings based on microstructure evaluations [13,14]. In 219 

order to have more insights into the reversal of the phase formation sequence, in situ time-220 

resolved synchrotron XRD experiments for a Co–61.5 at. % Si alloy were conducted using 221 

EML at the German synchrotron facility DESY, and the in situ XRD evolution plots at low 222 

and high undercoolings are shown in Fig. 3a and b, respectively. The corresponding thermal 223 
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profile during cooling (top panel) is synchronized in time with the XRD spectra (bottom 224 

panel) which are presented as an intensity map. In the undercooled liquid region, both XRD 225 

profiles exhibit a characteristic broad spectrum typical of liquid structures. Upon 226 

solidification distinct Bragg peaks emerge against the diffuse intensity of the liquid. At a low 227 

undercooling (Fig. 3a), the peaks are identified as the spectrum of CoSi with an FeSi-type 228 

B20 structure. A gradual increase in the diffraction intensity indicates an increase of the 229 

volume fraction of the primary CoSi phase in the remaining melt. After a delay time of about 230 

4 s, new Bragg peaks appear aligned with a corresponding temperature rise on the 231 

temperature-time profile; the peaks are identified as the spectrum of CoSi2 with a CaF2-type 232 

C1 structure. At a high undercooling (Fig. 3b), the phase formation sequence is reversed. 233 

These XRD results clearly demonstrate the phase formation sequences for eutectic CoSi–234 

CoSi2 melts at low and high undercoolings and are consistent with the observations of 235 

changes in the slope of the cooling curve from pyrometry data.  236 

 Phase competition for primary nucleation in undercooled melts can be attributed to a 237 

nucleation controlled or a growth controlled mechansim [26]. According to the work by 238 

Zhang et al. [13], the growth velocities of CoSi are by one order of magnitude of higher than 239 

those of CoSi2 in metastable solidification of eutectic CoSi–CoSi2 alloys, no matter which 240 

phase is a primary phase. For that huge difference, those researchers suggested that the phase 241 

competition in undercooled CoSi–CoSi2 melts is controlled by a competitive nucleation 242 

mechanism, rather than by a competitive growth mechanism. It means that the crystal-melt 243 

interfacial free energy for CoSi and CoSi nuclei in the undercooled melt would play a 244 

decisive role in determining the primary nucleation phase. However, quantitative analysis for 245 

the primary phase selection with undercooling is challenging since the crystal-melt interfacial 246 

free energy of both phases is temperature-dependent and is a function of how the local 247 

structural similarity between the liquid and two phases changes with undercooling [27–29]. 248 
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Here, we approach qualitatively the origin of the metastable solidification behavior within the 249 

three solidification pathways. 250 

 Fig. 4a illustrates a partial phase diagram of the Co–Si system [16]. Solid lines 251 

represent the equilibrium liquidus; red and blue dashed lines indicate the projected extension 252 

of the liquidus for CoSi and CoSi2 in the undercooled region, respectively. In both parts of 253 

Fig. 4 the three solidification pathway regions are highlighted by color (primary CoSi – gray, 254 

mixed – yellow, primary CoSi2 – green). In the eutectic CoSi–CoSi2, the growth of a primary 255 

phase causes a difference between solute concentrations of the remaining melt and the 256 

initially undercooled bulk melt and thus involves a constitutional undercooling of the 257 

remaining melt which is proportional to the thermodynamic driving force for nucleation of a 258 

second phase. Meanwhile, the solute concentration difference between the remaining melt 259 

and the second phase could affect the crystal-melt interfacial free energy [29,30]. In order to 260 

quantify both contributions to the nucleation of the second phase, we first calculated a 261 

fraction of primary solid (fs) as a function of undercooling by the Stefan Equation: 262 

 263 

Cp ∆T = fs ∆Hf                                                          (1) 264 

 265 

where Cp is the specific heat of the bulk melt at constant pressure, ∆T is the bulk 266 

undercooling, and ∆Hf is the heat of fusion of the primary solid. With knowledge of the 267 

fraction solid, the composition of the remaining melt can be deduced as a function of 268 

undercooling using the lever rule for primary growth of either CoSi or CoSi2. In order to 269 

simplify this approach, we assume that the interfacial undercooling derived by the 270 

compositionally imposed change contributes largely to the thermodynamic driving force, and 271 

the solute concentration difference between the remaining melt and the second phase is 272 

proportional to the crystal-melt interfacial free energy. Hence the thermodynamic driving 273 
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force (∆Ti) and the solute concentration difference (∆Ci) with primary solid are simply 274 

defined as follows 275 

 276 

∆Ti = (TL − Ts),     ∆Ci = |CL − Cs|      (i = CoSi, CoSi2)                      (2) 277 

 278 

where TL and Ts are the liquidus and solid temperatures at the solid-liquid interface, 279 

respectively, and CL and Cs are the Si concentrations of the remaining melt and second phase, 280 

respectively. The subscript i refers to either CoSi or CoSi2 as the primary phase. Using the 281 

literature values for Cp of 31.34 J K−1 mol−1 (bulk melt) [10] and ∆Hf of 19473 J mol−1 (CoSi) 282 

and 26653 J mol−1 (CoSi2) [31], the ∆Ti and the absolute value of ∆Ci were calculated as a 283 

function of initial undercooling and are illustrated in Fig. 4a for cases of primary nucleation 284 

of CoSi (∆T = 100 K) and CoSi2 (∆T = 150 K).  These cases are shown on the diagram by 285 

curved arrows connecting the primary undercooling to the predicted equilibrium temperature 286 

based on the apparent composition shift in liquid composition. The shift in composition for 287 

primary CoSi is significant while the shift for CoSi2 is not. 288 

 The limits of physical behavior can now be evaluated by defining the fraction solid 289 

that must form to shift the composition from the eutectic to a liquid of composition 290 

equivalent to either of the pure compounds; from that the undercooling required to cause this 291 

composition shift to occur may be defined. Following the primary growth of CoSi, the 292 

remaining melt becomes Si-rich liquid and the atomic composition of the melt reaches 66.67% 293 

Si (equivalent to CoSi2) at a fraction solid of 0.291 with a projected hypothetical 294 

undercooling of 181 K. On the other hand, the atomic composition of the remaining melt 295 

becomes Co-rich liquid during the primary growth of CoSi2 and reaches equimolar 296 

composition (equivalent to CoSi) at a fraction solid of 0.709 with a projected hypothetical 297 

undercooling of 603 K which was not accessed during real rapid solidification processing. 298 
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 In Fig. 4b, the primary nucleation of CoSi rapidly increases the ∆TCoSi with increasing 299 

undercooling; this promotes conversion to the second phase. The delay time for nucleation of 300 

the second phase should be short and get shorter with increasing undercooling. Meanwhile, 301 

the primary nucleation of CoSi2 causes a consistently larger ∆CCoSi2 thus slowing nucleation 302 

of the second phase due to the high crystal-melt interfacial free energy, resulting in long 303 

delay times.  Both of these effects are evident in Fig. 2. 304 

 From the classical nucleation theory (CNT) one may expect that there is a crossover 305 

point where the nucleation barriers of the two phases are equal at some intermediate 306 

undercooling [13]. This would allow the CoSi and CoSi2 phases to nucleate and grow 307 

simultaneously such that only a single recalescence would be observed at intermediate 308 

undercoolings. At temperatures that deviate to either side of the crossover point, CoSi or 309 

CoSi2 could nucleate first as a primary phase. The primary nucleation of CoSi should involve 310 

an immediate nucleation of CoSi2 due to the higher driving force as shown in Fig. 4b and thus 311 

the primary growth of CoSi is hard to observe at intermediate undercoolings (Fig. 1b). During 312 

the primary nucleation and growth of CoSi2, the second phase could be occasionally 313 

facilitated by heterogeneous nucleation sites, and therefore the observed scatter of delay 314 

times at intermediate undercooling in Fig. 2 may be a result of the statistical nature of 315 

nucleation events. 316 

 Analysis of the characteristic nucleation and recalescence temperature data suggests 317 

an alternative explanation of the origin of the delay time dependency on undercooling for the 318 

case of the primary nucleation of the CoSi2 phase (Fig. 5). Apparently, when the volume 319 

fraction of the CoSi2 phase exceeds some critical value, nucleation of the CoSi phase is 320 

hindered. This happens despite the fact that residual liquid composition shifts towards the 321 

equi-atomic composition, as shown in Fig. 4, and could be caused by an effective reduction 322 

of the potency of heterogeneous nucleation cites present in the liquid (e.g. preferential 323 
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dissolution of oxides). Therefore, after recalescence the CoSi2 + liquid mixture continues to 324 

cool down until the system reaches some critical nucleation temperature with a corresponding 325 

fraction of solid and liquid phases each at a characteristic composition. As undercooling 326 

increases, the volume fraction of the CoSi2 phase formed during the recalescence event 327 

increases. From this point onward, the cooling process is relatively independent of the initial 328 

undercooling (except for any residual internal morphology characterized by the size of the 329 

CoSi2 primary dendrites) and the solidification rate is thus determined by the heat extraction 330 

rate and the equilibrium slope from the phase diagram. The delay time, however, would be 331 

shorter as it would take less time for the sample to attain the same critical temperature. 332 

 333 

3.2 Microstructure analysis 334 

 Five ESL samples were selected for analysis to investigate changes in the 335 

morphological characteristics and orientation of CoSi and CoSi2 phases for the three 336 

solidification pathways. Fig. 6 shows the morphology of a representative sample exhibiting 337 

Pathway-I delay behavior. Fig. 6a and b show the EBSD orientation maps colored for CoSi 338 

and CoSi2 phases for a sample marked as PW I in Fig. 2, respectively. The microstructure of 339 

the CoSi phase consists of three types: fine and rod-like (or rounded) particles in the edge 340 

region and fully developed dendrites in the central region of the sample. Some of the CoSi 341 

particles are enveloped by equiaxed CoSi2 grains. Such microstructure patterns also 342 

demonstrate that the primary phase is CoSi for pathway Ι. The fully developed CoSi dendrites 343 

are embedded in the matrix of CoSi2 grains. They appear to have grown toward the sample 344 

center under the influence of a radial temperature gradient after multiple nucleation at the 345 

sample surface. A small amount of eutectic is discerned only near grain boundary areas of 346 

CoSi2. The (100) pole figure of the CoSi phase shows a fully random texture without any 347 

preferential orientation (Fig. 6c), meaning that dendrites grew from different nucleation sites 348 
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across the sample surface. In contrast, the (100) pole figure of the CoSi2 phase shows a highly 349 

ordered texture with preferred diffraction orientation (Fig. 6d). 350 

 Fig. 7 shows the morphology of samples exhibiting Pathway-II delay behavior. Fig. 351 

7a and b show the EBSD orientation maps colored for CoSi and CoSi2 phases of a sample 352 

marked as PW ΙΙ-a in Fig. 2, respectively. Note that crystallographic regions of similar 353 

orientation are shown in the same color.  Fine and rounded CoSi particles are observed in the 354 

edge and central regions of the sample, respectively. The CoSi2 phase exhibits equiaxed 355 

grains with mixed orientation, and the grain size in the edge region is smaller than that in the 356 

center. Unlike the case of pathway Ι, the CoSi particles are embedded in the matrix of 357 

equiaxed CoSi2 grains and fully developed dendrites of CoSi are not found. In addition, a 358 

small amount of eutectic is observed in the CoSi2 grains, indicating concurrent post-359 

recalescence growth of both CoSi and CoSi2. The (100) pole figures of the both phases show 360 

no discernable texture (Fig. 7c and d).  361 

 Morphological characteristics of the microstructure of samples change remarkably 362 

between samples involving short and long delay time within pathway-II. Fig. 7e and f show 363 

the EBSD orientation maps colored for CoSi2 and CoSi phases of a sample marked as PW ΙΙ-364 

b in Fig. 2, respectively, representing the long delay behavior. The microstructure of the 365 

sample is dominated by equiaxed CoSi2 grains, and large plate-like layer of CoSi2 with a 366 

common orientation is observed along the exterior surfaces of the sample. Because the edge 367 

region is expected to solidify first, the primary phase must be CoSi2 for this pathway. An 368 

interconnected network of CoSi with a small fraction of regular eutectics is distributed along 369 

the boundary of the CoSi2 grains. Regular eutectic structures are observed in a region close to 370 

the sample surface.  They are formed by isothermal solidification after re-melting of the 371 

primary CoSi2 phase due to the recalescence of CoSi [32]. The (100) pole figure of the CoSi2 372 
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phase does not show any strong texture (Fig. 7g), but the secondary CoSi grains are partially 373 

aligned (Fig. 7h) in a fibrous texture.  374 

 Fig. 7i and j show the EBSD orientation maps colored for CoSi2 and CoSi phases of a 375 

sample marked as PW ΙΙ-c in Fig. 2, respectively. The microstructure of the sample is also 376 

dominated by equiaxed CoSi2 grains, but the large single plate-like CoSi2 layer along the 377 

exposed surface is not found. The intergranular regions also constitute an interconnected 378 

network of CoSi and show good wetting to the CoSi2 grains. A small amount of regular 379 

eutectics is found near the intergranular regions. The CoSi2 grains are partially aligned as 380 

shown in Fig. 7k whereas the CoSi grains are almost randomly oriented (Fig. 7l).  381 

 Fig. 8 shows the morphology of a representative sample exhibiting Pathway-III delay 382 

behavior. Fig. 8a and b show the EBSD orientation maps colored for CoSi2 and CoSi phases 383 

of a sample marked as PW ΙΙΙ in Fig. 2, respectively. The CoSi2 grains look dendritic more 384 

than equiaxed, but the microstructural aspects of the CoSi phase do not show remarkable 385 

change as compared to structures observed in Fig. 7j. Interestingly, the (100) pole figure of 386 

the CoSi2 phase shows a highly oriented texture (Fig. 8c), which is consistent with the 387 

previous results [13]. The secondary CoSi grains are partially oriented but to a lesser degree 388 

than the primary CoSi2 (Fig. 8d).  389 

 Tomography scans for 3D morphologies of the samples of pathways Ι (Fig. 6) and ΙΙ-c 390 

(Fig. 7) were conducted to support the microstructural observations (see supplementary 391 

videos 1 and 2) and reveal the three-dimensional morphology of the sample interior. Fig. 9a 392 

and b show a captured image from the tomography scan and a back-scatter SEM image for 393 

the surface of the sample of pathway Ι, respectively, and those for pathway ΙΙ-c are shown in 394 

Fig. 9c and d, respectively. The sample surface for pathway Ι exhibits a region with planar 395 

plate-like features with CoSi particles and CoSi2 grains showing light and dark contrast, 396 

respectively. However, a dramatic change is observed on the sample surface for pathway ΙΙ-c 397 
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which shows a cellular-like structure. This structure is formed by constitutional undercooling 398 

of the melt caused by solute rejection during the primary growth of CoSi2 and observed on all 399 

the samples with long delay time [21,33]. This means that the formation of cellular structure 400 

is closely related to the degree of constitutional undercooling. Small dots along the top 401 

surfaces of the cellular features in Fig. 9d are confirmed to be residual regions of CoSi which 402 

were isolated from the bulk melt prior to secondary recalescence.  403 

 404 

3.3 Effect of supersaturation of CoSi2   405 

 As discussed in Section 3.1, a small hump is observed before the secondary 406 

nucleation of CoSi at high undercoolings and seems to appear when the undercooling exceeds 407 

a critical point. Two interpretations are possible: one is an emissivity change due to 408 

morphology of the surface structure, and the other is an emissivity change due to crystal 409 

structure relaxation of supersaturation within the primary phase. In general, the emissivity of 410 

solid and liquid phases is dependent on their extrinsic and intrinsic properties, respectively. 411 

As shown in Fig. 9c, the cellular structure exhibits a non-planar view factor that may cause an 412 

emissivity increase. The degree of emissivity change depends on the surface roughness which 413 

results from decanting of surface liquid as the sample solidifies. This decanting is related to 414 

the local undercooling [21]. However, the temperature range at which the small hump 415 

appears (see arrow in Fig. 1c) and the delay time corresponding to the small hump depend 416 

little on the local undercooling. In an extreme example, the cellular structure is seen even in 417 

samples at high undercoolings but where no hump is observed. Therefore, the correlation 418 

between the small hump and the emissivity change by surface roughness is considered 419 

unlikely.  420 

 In contrast, observations of the small hump seem to correlate with the approach to a 421 

specific atomic composition of the remaining melt, which is equivalent to reaching a specific 422 
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saturation temperature composition as shown in Fig. 1c. The hump may thus be related to 423 

recrystallization or solute rejection from the now-superheated parent phase. To investigate 424 

this hypothesis, we measured thermal cycles of pure CoSi and pure CoSi2 compounds using 425 

the same ESL techniques as employed for the eutectic mixture. Fig. 10 shows a comparison 426 

of the temperature-time profiles of (a) pure CoSi, (b) eutectic CoSi–CoSi2 (Co–61.8 at. % Si), 427 

and (c) pure CoSi2 samples where the liquidus temperature of each material is marked by a 428 

red dotted line. The recalescence temperature of the CoSi alloy exceeds the liquids (Fig. 10a). 429 

This is due to an emissivity change between solid and liquid phases which is probably caused 430 

by the small fraction of covalent bonds between Co and Si atoms in the CoSi B20 structure 431 

[34,35]. This implies that the strong secondary recalescence of CoSi in Fig. 10b may be 432 

related to an emissivity change involving CoSi. Post recalescence, the CoSi alloy cools down 433 

without any solid-solid phase transformation, as expected from the Co–Si phase diagram 434 

[16,17].  435 

 For solidification of the pure CoSi2 alloy a small peak is unexpectedly observed near 436 

1460 K as marked by an arrow in Fig. 10c. The peak corresponds to a kink or a slope change 437 

around 1460 K in the thermal profile on the subsequent heating cycle as shown in the inset in 438 

Fig. 10c. This behavior is not expected to occur based on analysis of the equilibrium phase 439 

diagram. The occurrence of the small peak depends on facility-specific experimental 440 

conditions as it is seen in ESL but not in EML. Fig. 11 shows a continuous series of thermal 441 

cycles of a single sample of CoSi2 in the ESL – by doing the processing over an extended 442 

time it is possible to intentionally shift the composition due to preferential evaporation of the 443 

more volatile species (it is Co here). In the first five cycles the small peak is not observed. 444 

However, at the 6th cycle a small peak appears (see arrow in Fig. 11) and it becomes more 445 

pronounced as the thermal cycles are subsequently repeated. After completion of all thermal 446 

cycles, the sample showed a total mass loss of 3.9%. It is well known that the vapor pressure 447 
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of elemental Co is greater than that of Si at high temperatures [36]. Hence, the bulk 448 

composition of the CoSi2 alloy was shifted over the course of the experiments to a more Si-449 

rich composition, leading to formation of a tiny fraction of hypoeutectic CoSi2–Si and during 450 

cooling, this leads to the peak. Note that in Fig. 10b and c the temperatures at which the small 451 

hump and the small peak occur are very similar. Therefore, the small hump in eutectic CoSi–452 

CoSi2 alloy may be related to a slight compositional change of supersaturated CoSi2 during 453 

metastable solidification in the mushy zone. The detailed correlation between the 454 

compositional change and the degree of supersaturation should be developed in the future to 455 

confirm this hypothesis.  456 

 457 

4. Conclusions 458 

 In summary, the solidification pathways of Co–61.8 at. % Si melts have been 459 

investigated using ESL in combination with in situ time-resolved XRD diagnosis. Three 460 

different pathways have been identified to describe how the delay time between primary and 461 

secondary phase formation depends on bulk undercooling for eutectic CoSi–CoSi2. In situ 462 

synchrotron XRD experiments have confirmed that during double recalescence the primary 463 

and secondary phases are CoSi and CoSi2 at low undercoolings, and the phase formation 464 

sequence is reversed at high undercoolings. Microstructural evaluations support the 465 

observations from pyrometry and time-resolved XRD for the sequence of phases formed. A 466 

single recalescence is seen at intermediate undercoolings and this behavior is attributed to the 467 

existence of a cross-over point where the nucleation barriers of CoSi and CoSi2 are similar in 468 

the undercooled region. At high undercoolings, a small hump appears before the secondary 469 

nucleation of CoSi in the mushy zone when the undercooling of melts exceeds a critical 470 

point. This behavior is consistent with a structurally-dependent emissivity shift. The results 471 
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have shown that the undercooling, transformation delay time, and stirring each can play an 472 

important role in determining metastable solidification pathways for eutectic melts. 473 
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Figure 1  579 

580 

Fig. 1. Temperature-time profiles of Co–61.8 at. % Si alloys at (a) low, (b) intermediate, and 581 

(c) high undercoolings in the ESL experiments. The liquidus temperature TL (dashed line) 582 

was determined based on the Co–Si phase diagram [16].  583 
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Figure 2  584 

 585 

Fig. 2. Relation between undercooling ∆T and delay time τ of Co–61.8 at. % Si alloys in the 586 

ESL. 587 
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Figure 3  589 

 590 

Fig. 3. Time evolution of temperature (Top) and XRD spectra (bottom) of a Co–61.5 at. % Si 591 

melt at (a) low and (b) high undercoolings in the EML. The Bragg peaks of crystalline phases 592 

were assigned in the right panel.  593 
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Figure 4 595 

 596 

Fig. 4 (a) A partial Co–Si phase diagram [16]. Red and blue dashed lines indicate the 597 

projected extension of the liquidus for CoSi and CoSi2 in the undercooled region, respectively. 598 

(b) Changes in the thermal driving force (∆Ti) and solute concentration difference (∆Ci) as a 599 

function of undercooling for primary nucleation of CoSi and CoSi2.  600 
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Figure 5  601 

 602 

Fig. 5. Characteristic nucleation and recalescence temperatures of Co–61.8 at. % Si alloys 603 

processed in ESL. 604 
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Figure 6  606 

 607 

Fig. 6. Pathway (PW) I EBSD orientation maps colored for (a) CoSi and (b) CoSi2 phases and 608 

(100) pole figures for (c) the CoSi and (b) CoSi2 phases, respectively.  609 
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Figure 7 611 

 612 

Fig. 7. Pathway (PW) II EBSD orientation maps for (a, f, j) CoSi and (b, e, i) CoSi2 phases 613 

and (100) pole figures of (c, h, l) the CoSi and (d, g, k) CoSi2 phases, respectively.  614 
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Figure 8 616 

 617 

Fig. 8. Pathway (PW) III EBSD orientation maps for (a) CoSi2 and (b) CoSi phases and (100) 618 

pole figures for (c) the CoSi2 and (b) CoSi phases, respectively.  619 
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Figure 9 621 

 622 

Fig. 9. (a and c) Images captured from tomography scans of the samples of pathways Ι and ΙΙ-623 

c, respectively. (b and d) Back-scattered SEM images on the sample surfaces for pathways Ι 624 

and ΙΙ-c, respectively. 625 

  626 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

34 

 

Figure 10 627 

 628 

Fig. 10. Temperature-time profiles of three compositions in the ESL. (a) pure CoSi, (b) 629 

eutectic CoSi–CoSi2 mixture, and (c) pure CoSi2; red dotted lines indicate the liquidus (TL) of 630 

each composition. Inset in (c) shows a heating curve for CoSi2.  631 
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Figure 11 633 

 634 

Fig. 11. Continuous thermal cycles of a single sample of CoSi2 in the ESL. As the cycles are 635 

repeated, a small peak (arrow) begins to gradually appear. 636 
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