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Abstract

Solidification and growth behavior of undercooledtectic CoSi—Co%imelts was
observed using containerless levitation anditu high-energy synchrotron X-ray diffraction
techniqgues. Three metastable solidification patlsvayf eutectic CoSi—Cogsi were
determined as a function of undercooling. Upon d®ubcalescence at low undercoolings the
primary and secondary phases are CoSi and,Cwo&ile at high undercoolings the phase
formation sequence is reversed. At intermediateetgmblings a single recalescence was
observed and attributed to a crossover of the atiole barriers for the two phases. Scanning
electron microscopy combined with electron backiscag diffraction measurements
revealed changes of the morphological charactesistind orientation of CoSi and CgSi

phases for different solidification pathways.

Keywords: Eutectic Co—Si; Undercooling; Metastable solidifica; In situ synchrotron X-

ray diffraction; Electron back-scattering diffraonti
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1. Introduction

Rapid solidification of undercooled eutectic aldyas attracted considerable interest
in past decades due to their unique competitiveleation and growth mechanisms. In
particular, many studies have been carried to wtaied non-equilibrium phenomena such as
metastable solidification behavior and a morphaabitransition from regular lamellar
eutectic to anomalous eutectic in a number of ¢gteystems such as Ni-Sn [1-3], Ni-Si
[4,5] Co-Sn [6,7], Ag—Cu [8,9], and Co-Si [10-18plidification microstructures of those
alloys have been shown to depend on experimentalittons. In addition to undercooling
and cooling rates, levels of melt convection oftififer using electrostatic levitation (ESL),
electromagnetic levitation (EML), and glass-fluxi(@F) techniques [13—-15]. The influence
of these different experimental conditions was agaéshed in past literature using thermal
imaging of solidifying alloys and post-mortem miscopic analysis of solidified alloys [13].
Time-resolved X-ray diffraction (XRD) using synckman radiation has been performed to
unambiguously determine metastable solidificatiathpriays for undercooled Co-Si eutectic
melts [12,14].

The Co-Si system includes five intermetallic coompas of a-CosSi, a-Co,Si, S-
Co,Si, CoSi, and Co%i[16,17]. Two compound-compound eutectics existCat-rich
(Co:Si—CoSi) and Si-rich (CoSi—Cayicomposition, respectively. Metastable solidificat
behavior for these systems has been investigatdteipast using several different methods.
Yao et al reported an anomalous eutectic structure andakdogrowth in Cg5i—CoSi melt
droplets using containerless drop-tube processiay By means of microstructural studies
and time-resolved XRD experiments, Wagtgal. determined five solidification paths and
identified two mechanisms for formation of anomalautectic in GF-processed melts of
hypereutectic Cg&i—CoSi composition [12]. For the CoSi—CgSeutectic, various
containerless levitation techniques were appliedttaly phase selection and microstructure

3
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formation in undercooled melts. A microstructurghnisition from lamellar eutectic to
anomalous eutectic was observed in drop tube-psedesamples of different sizes [10].
Using a combination of EML and synchrotron XRD, &i al demonstrated that upon
solidification at deep undercoolings CoSi—Ga8elts show double recalescence in which
primary and secondary phases are ¢a8d CoSi, respectively [14]. Zhamrg al. reported
different growth kinetics of primary and secondahases during double recalescence [13].
By comparing recalescence behavior observed unifferesht melt convection conditions
they suggested that melt convection has a signifieffect on the incubation delay time
between nucleation of a primary and a secondargegbased on experimental observations.
However, it is not clear how the combined effedtsanvection and undercooling influence
microstructural evolution in eutectic CoSi—-Cp&lloys, especially in light of the potential
influence of constitutional undercooling and suparsation [13,14]. Zhanget al. also
proposed formation of an unknown metastable phalé@ning primary growth of CoSiin

the mushy zone of Co—61.8 at. % Si melts [13]. E\sv, approach and analysis for such
phenomena are often difficult due to the influerafeheterogeneous nucleation or the
disruptive development of melt convection hinderaitginment of deep undercooling or
enhanced supersaturation of the melt, respectively.

In this work, solidification of undercooled eutiecCoSi—-CoSi (Co—61.8 at. % Si)
alloys is studied using ESL techniques in orderatain quiescent melt conditions and
systematically characterize structural evolution. parallel, in situ synchrotron XRD
experiments have been conducted on electromagihetieaitated samples to verify the

sequence of phase formation as a function of uooéngs.

2. Experimental
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Co33Sis1 s (at. %) alloys were prepared by arc-melting theepalements (Co
99.95%, Si 99.995%, Alfa Aesar) under an Ar atmesphA zirconium sphere was used as
an oxygen getter to scavenge the remained oxygetmanarc-melting chamber prior to
melting of the constituents. The mass loss dutiregarc-melting process was less than 0.2%

of the initial mass.

2.1 Electrostatic levitation

The ESL facility at the NASA Marshall Space Fligbenter (MSFC) in Huntsville
AL was used to study the rapid solidification babawf quiescent melts. Samples with a
mass of approximately 35 mg (a diameter of appBxnm) were levitated between two
electrodes and melted using a high voltage ampbifirel a Nd-YAG high power laser under
ultra-high vacuum (UHV) conditions of 10Torr. The temperature of levitated samples was
monitored with a Mikron MI-GA140 single-color pyrater which is operated at a
wavelength range of 1.45 — L#8n. Each thermal cycle involved preheating, meltiagg
solidification of each sample. Before each cythe, sample was thermally preconditioned to
a temperature just below melting to ensure samplalgy. Once levitated, the laser power
was increased to induce melting and superheaigb&ll When the laser power was turned
off the sample was allowed to freely cool by ragi@heat loss until it fully solidified. Once
several thermal cycles had been run on a given Isartgsting was halted such that the

evaporative loss was held to less than 2% of tiialimass.

2.21n situ X-ray diffraction

Time-resolvedin situ XRD measurements were conducted at the P07 higiggn
material science beamline of the third-generatiadiation source PETRA Il at the
Deutsches Elektronen-Synchrotron (DESY) in Hamb{it§] using an EML facility

5
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developed by IFW Dresden. Samples with a mass pfoapnately 1.1 g (a diameter of
approx. 6 mm) were placed in an UHV chamber bdekfito 450 mbar with high purity He
gas after evacuation. Positioning and heating of.EEimples were realized through use of a
water-cooled copper coil powered by a 10 kW geoem@perating at 280 kHz. Active sample
cooling was achieved by recirculation of the ingais atmosphere (He) across the sample
surface. The temperature of the levitated sampke manitored with a Mergenthaler single-
color pyrometer operated at a wavelength range®#2.1um. Time-resolved, high-energy
(E =98 keV,. = 0.1264 A) XRD studies have been conducted imstrassion mode using a
hybrid pixel PILATUS3 X 2M CdTe detector (DECTRI&) a sampling rate of 25 — 250 Hz.
The recorded two-dimensional diffraction patternsrevazimuthally integrated using the

FIT2D software [19].

2.3 Microstructural analyses

Following completion of melt processing, the soefaof the sample was observed
using a Phenom ProX scanning electron microscoMiS(ThermoFisher Scientific) in
back-scatter mode to identify regions for furthierdy and determine how sectioning was to
be accomplished. The preparation of the samplebowied standard metallographic
preparation rules: grinding with SiC sandpaper,ighohg with a suspension of Abs
followed by polishing with an Si9©suspension of pH 9.8. The resulting cross sectias
near the center of each sample. The internal ntrcrsire of the ESL processed samples
was investigated using a Merlin SEM (Zeiss). Elattbackscatter diffraction (EBSD)
patterns were recorded in 70° tilt mode using arteBAKL EBSD-system with Nordlys
Max® detector (Oxford Instruments). AZtecHKL softwarasvused to index the recorded
patterns and to visualize the results. The crydtaictures used for indexing are taken from

Pearson’s crystal structure database for inorganiopounds entries 526854 (Gdkpe
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CoSp) and 452960 (FeSi-type CoSi). Three-dimensionatpimalogy of the samples was
studied by X-ray computed tomography (XCT) usinghaenix nanotom m CT system (GE
Sensing & Inspection Technologies). Two-dimensiopadjection images of the samples
were acquired using a tungsten X-ray source opeyai the acceleration voltage of 130 kV
and the current of 10QA. The reconstruction and visualization of the vo&imodels was

done using phoenix datos|x2 (GE Sensing & Inspecliechnologies), VGStudio (Volume

Graphics), and VirtualDub [20] software.

3. Results and Discussion
3.1 Undercooling, delay time, and phase selection

Fig. 1 shows representative temperature-time lpofof Co-61.8 at. % Si alloys
solidified with different degrees of undercoolingthe ESL. The degree of undercoolitg
was determined with a difference between the ntioledemperature of undercooled melts
and the liquidus temperaturg of the melt. In general, during levitation expegims a
fraction of an undercooled melt solidifies unden+emuilibrium conditions, causing rapid
release of latent heat between solid and liquidspbaaccompanied by a characteristic
recalescence event (sudden temperature rise). dmaiming melt solidifies during post
recalescence under conditions close to equilibrimnkig. 1a, at a low undercooling of 66 K
the thermal profile shows not one, but two distitemperature rise events (or double
recalescence). A fraction of the melt first solekf as a primary phase with subsequent
solidification to a secondary phase after a dela tz, defined as the duration between the
two recalescence events. The recalescence tempetuhe secondary phase is slightly
lower than that of the primary phase.

At intermediate undercoolings, the thermal prafitgpically exhibit three types of

behavior as shown in Fig. 1b. The first behaviodm double recalescence where the slope
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of the cooling curve following primary recalescenmgd@listinctly different from that detected
at low undercoolings, implying a change of the @niynsolidifying phase as indicated by the
black line in Fig. 1b. In addition, the recalesaeriemperature of the secondary phase
exceeds the bulk sample liquidus. This thermal alpns associated with a sudden drop in
temperature during the melting stage of the sulm®dueating curve and can be attributed to
a shift of the phase-specific emissivity [21]. Teecond behavior mode involves double
recalescence combined with a short delay time.rguitis rare case, shown as the blue line
in Fig. 1b, the strong recalescence of the secgnulzase is not observed. The third behavior
mode involves a single recalescence at intermediadercoolings as indicated with the red
line in Fig. 1b. These three solidification behasimccur randomly in the intermediate
undercooling range between 100 K and 150 K. At ww@ings higher than about 150 K
(Fig. 1c), the thermal profiles show a double reseénce which is similar to that observed at
intermediate undercoolings. However, prior to natien of the secondary phase the
temperature profile exhibits a small hump (seevarno Fig. 1c). This hump begins at a
narrow band of temperatures just prior to initiatad the second recalescence.

Fig. 2 shows a relation between the undercooliigand delay time obtained from
the temperature-time profiles. At low undercoolindpe delay time decreases with increasing
undercooling. This is consistent with nucleation gmowth models involving a competition
between stable and metastable phases; such belsaisp reported for other alloy systems
which exhibit double recalescence [22,23]. Howetlsg, delay time shows a large scatter in
the range of 0 to 12 s at intermediate undercoslififpe delay time decreases again at high
undercoolings, but its initial value is much higliesin observed at low undercoolings.

Zhanget al reported that the delay time of Co—61.8 at. %alfys depends on
experimental conditions [13]; at undercooling regicof ~ 150 K, the delay times do not

exceed 2 s for samples processed by EML but ab3and 0.94 s at undercoolings of 122
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K and 222 K for samples processed by EML with statagnetic field, respectively. In other
work [14], the delay time of Co—61.8 at. % Si alloysing EML was about 9.6 s at an
undercooling of 140 K. These previous results implgt the transformation delay time
depends on the level of melt convention induceddiferent experimental techniques
[24,25]. The intensity of melt flow would also deyeon the volume fraction of primary
solid. In the current work, all the alloys are ffe@m the flow induced by an electromagnetic
force and are characterized by quiescent conditiglasangoni melt convection driven by a
temperature gradient of about 5 K would initiallye tweak during melting; during
solidification the flow would dampen to zero. THere, it could be assumed that the relation
between undercooling and delay time in Fig. 2 esrsult of a combination between growth
of the primary phase and nucleation of the secgngédrase under near homogeneous
nucleation condition. On the basis of these poitits, three distinct regions of delay time
behavior imply that eutectic CoSi—Ceg$nay follow three metastable solidification pathway
depending on the sample undercooling in the abseheceelt convection. In the following
text, the three pathways are referred to as pathiywdyandIll, and the undercooling range
where each pathway is observed is marked by grajlow, and green highlights,
respectively.

Previous studies showed that at high undercoolinggrimary and secondary phases
are CoSi and CoSi, respectively based mnsitu synchrotron XRD experiments [14] and
microstructure evaluation [13,14]. It was also destmted that the phase formation
sequence is reversed at low undercoolings baseadicmostructure evaluations [13,14]. In
order to have more insights into the reversal ef ghase formation sequenae,situ time-
resolved synchrotron XRD experiments for a Co—@it.3% Si alloy were conducted using
EML at the German synchrotron facility DESY, ane ih situ XRD evolution plots at low

and high undercoolings are shown in Fig. 3a anedpectively. The corresponding thermal
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profile during cooling (top panel) is synchronizedtime with the XRD spectra (bottom
panel) which are presented as an intensity maghdmundercooled liquid region, both XRD
profiles exhibit a characteristic broad spectrunpidgl of liquid structures. Upon
solidification distinct Bragg peaks emerge agathstdiffuse intensity of the liquid. At a low
undercooling (Fig. 3a), the peaks are identifiedhesspectrum of CoSi with an FeSi-type
B20 structure. A gradual increase in the diffractiotensity indicates an increase of the
volume fraction of the primary CoSi phase in theaeing melt. After a delay time of about
4 s, new Bragg peaks appear aligned with a cornepg temperature rise on the
temperature-time profile; the peaks are identiisdthe spectrum of CoSvith a Cak-type
C1 structure. At a high undercooling (Fig. 3b), thlease formation sequence is reversed.
These XRD results clearly demonstrate the phasedion sequences for eutectic CoSi—
CoSp melts at low and high undercoolings and are ctersiswith the observations of
changes in the slope of the cooling curve from pyatry data.

Phase competition for primary nucleation in undeled melts can be attributed to a
nucleation controlled or a growth controlled medhan [26]. According to the work by
Zhanget al [13], the growth velocities of CoSi are by ondarof magnitude of higher than
those of CoSiin metastable solidification of eutectic CoSi—-Go8lioys, no matter which
phase is a primary phase. For that huge differehose researchers suggested that the phase
competition in undercooled CoSi—CeSnelts is controlled by a competitive nucleation
mechanism, rather than by a competitive growth raeidm. It means that the crystal-melt
interfacial free energy for CoSi and CoSi nucleitie undercooled melt would play a
decisive role in determining the primary nucleatpdrase. However, quantitative analysis for
the primary phase selection with undercooling @slleimging since the crystal-melt interfacial
free energy of both phases is temperature-deperatantis a function of how the local

structural similarity between the liquid and twoasks changes with undercooling [27-29].
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Here, we approach qualitatively the origin of thetastable solidification behavior within the
three solidification pathways.

Fig. 4a illustrates a partial phase diagram of @w-Si system [16]. Solid lines
represent the equilibrium liquidus; red and blusheal lines indicate the projected extension
of the liquidus for CoSi and CaSin the undercooled region, respectively. In bodnt of
Fig. 4 the three solidification pathway regions highlighted by color (primary CoSi — gray,
mixed — yellow, primary CoSi green). In the eutectic CoSi—CgShe growth of a primary
phase causes a difference between solute condensratf the remaining melt and the
initially undercooled bulk melt and thus involves canstitutional undercooling of the
remaining melt which is proportional to the thermoamic driving force for nucleation of a
second phase. Meanwhile, the solute concentratiferehce between the remaining melt
and the second phase could affect the crystalimteitfacial free energy [29,30]. In order to
guantify both contributions to the nucleation ot tkecond phase, we first calculated a

fraction of primary solidff) as a function of undercooling by the Stefan Eiquat

Cp AT =15 AHs (1)

where C,, is the specific heat of the bulk melt at constanéssure,AT is the bulk
undercooling, and\H; is the heat of fusion of the primary solid. Withdwledge of the
fraction solid, the composition of the remainingltmean be deduced as a function of
undercooling using the lever rule for primary grbwdf either CoSi or Co&iIn order to
simplify this approach, we assume that the intemfacindercooling derived by the
compositionally imposed change contributes largelthe thermodynamic driving force, and
the solute concentration difference between theam@imy melt and the second phase is

proportional to the crystal-melt interfacial freaeegy. Hence the thermodynamic driving
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force (AT;) and the solute concentration differendeC§ with primary solid are simply

defined as follows

ATi=(TL—-Tsy, ACG=|ICL—-Cq (i=CoSi, Cog) (2

where T, and Ts are the liquidus and solid temperatures at thed4iguid interface,
respectively, an€,_ andC; are the Si concentrations of the remaining meaidtsetond phase,
respectively. The subscript i refers to either CoS{CoS} as the primary phase. Using the
literature values fo€, of 31.34 J K* mol™* (bulk melt) [10] and\H; of 19473 J mal' (CoSi)

and 26653 J mot (CoSp) [31], the AT, and the absolute value AfS; were calculated as a
function of initial undercooling and are illustrdten Fig. 4a for cases of primary nucleation
of CoSi AT = 100 K) and CoSi(AT = 150 K). These cases are shown on the diagram by
curved arrows connecting the primary undercoolm¢he predicted equilibrium temperature
based on the apparent composition shift in liquchposition. The shift in composition for
primary CoSi is significant while the shift for Cie$ not.

The limits of physical behavior can now be evadaby defining the fraction solid
that must form to shift the composition from thetestic to a liquid of composition
equivalent to either of the pure compounds; froat the undercooling required to cause this
composition shift to occur may be defined. Follogvithe primary growth of CoSi, the
remaining melt becomes Si-rich liquid and the atoonumposition of the melt reaches 66.67%
Si (equivalent to Co% at a fraction solid of 0.291 with a projected btetical
undercooling of 181 K. On the other hand, the atooamposition of the remaining melt
becomes Co-rich liquid during the primary growth 6bSp and reaches equimolar
composition (equivalent to CoSi) at a fraction dadf 0.709 with a projected hypothetical

undercooling of 603 K which was not accessed dumad rapid solidification processing.

12



299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

In Fig. 4b, the primary nucleation of CoSi rapidigreases thATc,s; with increasing
undercooling; this promotes conversion to the séqarase. The delay time for nucleation of
the second phase should be short and get shotferingreasing undercooling. Meanwhile,
the primary nucleation of CoStauses a consistently largeC€cosi2thus slowing nucleation
of the second phase due to the high crystal-médrfacial free energy, resulting in long
delay times. Both of these effects are evideitign 2.

From the classical nucleation theory (CNT) one remgect that there is a crossover
point where the nucleation barriers of the two pkasre equal at some intermediate
undercooling [13]. This would allow the CoSi and SEophases to nucleate and grow
simultaneously such that only a single recalescemoald be observed at intermediate
undercoolings. At temperatures that deviate toeeifide of the crossover point, CoSi or
CoSp, could nucleate first as a primary phase. The pygmacleation of CoSi should involve
an immediate nucleation of Ce%liue to the higher driving force as shown in Flya#d thus
the primary growth of CoSi is hard to observe &nmediate undercoolings (Fig. 1b). During
the primary nucleation and growth of CgSthe second phase could be occasionally
facilitated by heterogeneous nucleation sites, #adefore the observed scatter of delay
times at intermediate undercooling in Fig. 2 mayaeesult of the statistical nature of
nucleation events.

Analysis of the characteristic nucleation and lesizence temperature data suggests
an alternative explanation of the origin of theageime dependency on undercooling for the
case of the primary nucleation of the Gofhase (Fig. 5). Apparently, when the volume
fraction of the CoSiphase exceeds some critical value, nucleatiorhefGoSi phase is
hindered. This happens despite the fact that rabikiyuid composition shifts towards the
equi-atomic composition, as shown in Fig. 4, andladtde caused by an effective reduction

of the potency of heterogeneous nucleation citesemt in the liquid (e.g. preferential
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dissolution of oxides). Therefore, after recaleseethe CoSi+ liquid mixture continues to
cool down until the system reaches some criticaleation temperature with a corresponding
fraction of solid and liquid phases each at a attarsstic composition. As undercooling
increases, the volume fraction of the Gofhase formed during the recalescence event
increases. From this point onward, the cooling @ssds relatively independent of the initial
undercooling (except for any residual internal nmalpgy characterized by the size of the
CoSp, primary dendrites) and the solidification ratehias determined by the heat extraction
rate and the equilibrium slope from the phase diagrThe delay time, however, would be

shorter as it would take less time for the samplattain the same critical temperature.

3.2 Microstructure analysis

Five ESL samples were selected for analysis toestigate changes in the
morphological characteristics and orientation ofSC@nd CoSi phases for the three
solidification pathways. Fig. 6 shows the morphglag a representative sample exhibiting
Pathway-|1 delay behavior. Fig. 6a and b show th&EBrientation maps colored for CoSi
and CoSi phases for a sample marked as PW | in Fig. 2eadsely. The microstructure of
the CoSi phase consists of three types: fine adedike (or rounded) particles in the edge
region and fully developed dendrites in the centegiion of the sample. Some of the CoSi
particles are enveloped by equiaxed Go@iains. Such microstructure patterns also
demonstrate that the primary phase is CoSi forvpagh. The fully developed CoSi dendrites
are embedded in the matrix of Cp8rains. They appear to have grown toward the sampl
center under the influence of a radial temperagreglient after multiple nucleation at the
sample surface. A small amount of eutectic is drsa@ only near grain boundary areas of
CoSp. The (100) pole figure of the CoSi phase showsllg fandom texture without any

preferential orientation (Fig. 6¢), meaning thamdig&es grew from different nucleation sites
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across the sample surface. In contrast, the (1€l@)figure of the CoSiphase shows a highly
ordered texture with preferred diffraction orierdat(Fig. 6d).

Fig. 7 shows the morphology of samples exhibifteghway-Il delay behavior. Fig.
7a and b show the EBSD orientation maps colorecCfu8i and CoSiphases of a sample
marked as PWI-a in Fig. 2, respectively. Note that crystallodr@pregions of similar
orientation are shown in the same color. Finerandded CoSi particles are observed in the
edge and central regions of the sample, respegtividle CoSi phase exhibits equiaxed
grains with mixed orientation, and the grain siz¢he edge region is smaller than that in the
center. Unlike the case of pathwaythe CoSi particles are embedded in the matrix of
equiaxed CoSigrains and fully developed dendrites of CoSi ave found. In addition, a
small amount of eutectic is observed in the Go@ains, indicating concurrent post-
recalescence growth of both CoSi and GoBine (100) pole figures of the both phases show
no discernable texture (Fig. 7c and d).

Morphological characteristics of the microstruetwof samples change remarkably
between samples involving short and long delay twithin pathway-Il. Fig. 7e and f show
the EBSD orientation maps colored for Co&id CoSi phases of a sample marked adlPW
b in Fig. 2, respectively, representing the londagebehavior. The microstructure of the
sample is dominated by equiaxed Gagains, and large plate-like layer of CoS8iith a
common orientation is observed along the extenofases of the sample. Because the edge
region is expected to solidify first, the primariigse must be CoSfor this pathway. An
interconnected network of CoSi with a small fractaf regular eutectics is distributed along
the boundary of the CoSgrains. Regular eutectic structures are observedreégion close to
the sample surface. They are formed by isothesuohtlification after re-melting of the

primary CoSj phase due to the recalescence of CoSi [32]. TO@) ({dole figure of the Cogi
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phase does not show any strong texture (Fig. 1d)tHe secondary CoSi grains are partially
aligned (Fig. 7h) in a fibrous texture.

Fig. 7i and j show the EBSD orientation maps cadidior CoSi and CoSi phases of a
sample marked as P\W-c in Fig. 2, respectively. The microstructure b tsample is also
dominated by equiaxed CoSjrains, but the large single plate-like Co%iyer along the
exposed surface is not found. The intergranularonsgalso constitute an interconnected
network of CoSi and show good wetting to the Ga@ains. A small amount of regular
eutectics is found near the intergranular regidriee CoSj grains are partially aligned as
shown in Fig. 7k whereas the CoSi grains are almarstomly oriented (Fig. 71).

Fig. 8 shows the morphology of a representativepa exhibiting Pathway-IIl delay
behavior. Fig. 8a and b show the EBSD orientati@psncolored for Cogiand CoSi phases
of a sample marked as PIN in Fig. 2, respectively. The CagSjrains look dendritic more
than equiaxed, but the microstructural aspectshef@oSi phase do not show remarkable
change as compared to structures observed in Fint&restingly, the (100) pole figure of
the CoSi phase shows a highly oriented texture (Fig. 8d)iciv is consistent with the
previous results [13]. The secondary CoSi graiespartially oriented but to a lesser degree
than the primary Cog(Fig. 8d).

Tomography scans for 3D morphologies of the sasnpigpathwayd (Fig. 6) andlI-c
(Fig. 7) were conducted to support the microstmattwbservations (see supplementary
videos 1 and 2) and reveal the three-dimensionaphwogy of the sample interior. Fig. 9a
and b show a captured image from the tomography and a back-scatter SEM image for
the surface of the sample of pathwiayespectively, and those for pathwidyc areshown in
Fig. 9c and d, respectively. The sample surfacg&thwayl exhibits a region with planar
plate-like features with CoSi particles and Go&iains showing light and dark contrast,

respectively. However, a dramatic change is obskeovethe sample surface for pathwi&yg
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which shows a cellular-like structure. This struetis formed by constitutional undercooling
of the melt caused by solute rejection during thmary growth of CoSiand observed on all

the samples with long delay time [21,33]. This neetrat the formation of cellular structure
is closely related to the degree of constitutionatiercooling. Small dots along the top
surfaces of the cellular features in Fig. 9d amgficmed to be residual regions of CoSi which

were isolated from the bulk melt prior to secondagalescence.

3.3 Effect of supersaturation of CoSi

As discussed in Section 3.1, a small hump is oleseribefore the secondary
nucleation of CoSi at high undercoolings and setenagppear when the undercooling exceeds
a critical point. Two interpretations are possibtme is an emissivity change due to
morphology of the surface structure, and the othean emissivity change due to crystal
structure relaxation of supersaturation within pinenary phase. In general, the emissivity of
solid and liquid phases is dependent on their msittiand intrinsic properties, respectively.
As shown in Fig. 9c, the cellular structure exHlatnon-planar view factor that may cause an
emissivity increase. The degree of emissivity cleatgpends on the surface roughness which
results from decanting of surface liquid as the @ansolidifies. This decanting is related to
the local undercooling [21]. However, the tempemtuange at which the small hump
appears (see arrow in Fig. 1c) and the delay tioreesponding to the small hump depend
little on the local undercooling. In an extreme rapde, the cellular structure is seen even in
samples at high undercoolings but where no humpbserved. Therefore, the correlation
between the small hump and the emissivity changesujace roughness is considered
unlikely.

In contrast, observations of the small hump serotrelate with the approach to a

specific atomic composition of the remaining melhich is equivalent to reaching a specific
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saturation temperature composition as shown in Eeg.The hump may thus be related to
recrystallization or solute rejection from the neuperheated parent phase. To investigate
this hypothesis, we measured thermal cycles of p@®i and pure Cogcompounds using
the same ESL techniques as employed for the eutedtiture. Fig. 10 shows a comparison
of the temperature-time profiles of (a) pure C@B),eutectic CoSi—Cos{Co—-61.8 at. % Si),
and (c) pure Cogisamples where the liquidus temperature of eaclenmbis marked by a
red dotted line. The recalescence temperatureeo€tsi alloy exceeds the liquids (Fig. 10a).
This is due to an emissivity change between saldllmuid phases which is probably caused
by the small fraction of covalent bonds betweena@d Si atoms in the Co8R20 structure
[34,35]. This implies that the strong secondaryalescence of CoSi in Fig. 10b may be
related to an emissivity change involving CoSi.tResalescence, the CoSi alloy cools down
without any solid-solid phase transformation, apeeted from the Co-Si phase diagram
[16,17].

For solidification of the pure CoSalloy a small peak is unexpectedly observed near
1460 K as marked by an arrow in Fig. 10c. The pmakesponds to a kink or a slope change
around 1460 K in the thermal profile on the subsefieating cycle as shown in the inset in
Fig. 10c. This behavior is not expected to occlgeddaon analysis of the equilibrium phase
diagram. The occurrence of the small peak depemdsfaoility-specific experimental
conditions as it is seen in ESL but not in EML..Fi§ shows a continuous series of thermal
cycles of a single sample of Ce$n the ESL — by doing the processing over an alddn
time it is possible to intentionally shift the coagition due to preferential evaporation of the
more volatile species (it is Co here). In the fiitge cycles the small peak is not observed.
However, at the 6th cycle a small peak appearsdgesv in Fig. 11) and it becomes more
pronounced as the thermal cycles are subsequembated. After completion of all thermal

cycles, the sample showed a total mass loss of.3t9%owell known that the vapor pressure
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of elemental Co is greater than that of Si at higmperatures [36]. Hence, the bulk
composition of the Cogalloy was shifted over the course of the experiménta more Si-
rich composition, leading to formation of a tingdtion of hypoeutectic CoSiSi and during
cooling, this leads to the peak. Note that in E@p and c the temperatures at which the small
hump and the small peak occur are very similarrdfoee, the small hump in eutectic CoSi—
CoSp, alloy may be related to a slight compositionalng® of supersaturated CeS$iuring
metastable solidification in the mushy zone. Theaitkrl correlation between the
compositional change and the degree of supersaturstiould be developed in the future to

confirm this hypothesis.

4. Conclusions

In summary, the solidification pathways of Co—-6B8 % Si melts have been
investigated using ESL in combination with situ time-resolved XRD diagnosis. Three
different pathways have been identified to deschibe the delay time between primary and
secondary phase formation depends on bulk undenco@r eutectic CoSi—Cogiln situ
synchrotron XRD experiments have confirmed thairdudouble recalescence the primary
and secondary phases are CoSi and LatSlow undercoolings, and the phase formation
sequence is reversed at high undercoolings. Miercistral evaluations support the
observations from pyrometry and time-resolved XRDthe sequence of phases formed. A
single recalescence is seen at intermediate unalargse and this behavior is attributed to the
existence of a cross-over point where the nuclediarriers of CoSi and CgSare similar in
the undercooled region. At high undercoolings, alsimump appears before the secondary
nucleation of CoSi in the mushy zone when the wu®ing of melts exceeds a critical

point. This behavior is consistent with a strudiyrdependent emissivity shift. The results
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have shown that the undercooling, transformatidaydgéme, and stirring each can play an

important role in determining metastable solidifica pathways for eutectic melts.

Acknowledgements

We would like to thank Trudy L. Allen and Glenn Fain for technical assistance at NASA
Marshall Space Flight Center (MSFC) and O. Gutowski-C. Dippel, and M. v.
Zimmermann for experiment support at DESY in usihg high-energy materials science
beamline PO7. For technical support with the X-caynputed tomography at IFW Dresden
authors would like to thank A. Funkhe work at Tufts University was partially fundeg b
NASA, under the ELFSTONE grants NNX16AB59G and 8@{39K0256. The work at
DLR was partially funded by ESA MAP LIPHASE No. 4#015005/01/NL/SH. The work at
IFW Dresden was funded by DLR project PARMAG (cantrnumber 50WM1546) and by

ESA MAP Project MAGNEPHAS A0-99-101 (contract numBd200014980).

References

[1] B. Wei, G. Yang, Y. Zhou, High undercooling andidapolidification of Ni—-32.5%
Sn eutectic alloy, Acta Metall. Mater. 39 (19911921258.

[2] C. Yang, J. Gao, Y.K. Zhang, M. Kolbe, D.M. Herladtew evidence for the dual
origin of anomalous eutectic structures in undeledi—Sn alloys: In situ observations and
EBSD characterization, Acta Mater. 59 (2011) 39263

[3] J.F. Li, W.Q. Jie, S. Zhao, Y.H. Zhou, Structuraldence for the transition from
coupled to decoupled growth in the solidificatidruadercooled Ni—Sn eutectic melt, Metall.

Mater. Trans. A 38 (2007) 1806-1816.

20



495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

[4] F. Zhang, C. Lai, J. Zhang, Y. Zhang, Q. Zhou, Hang, Anomalous eutectics in
intermediately and highly undercooled Ni—29.8 atS¥%eutectic alloy, J. Cryst. Growth 495
(2018) 37-45.

[5] C. Lai, H. Wang, Q. Pu, T. Xu, J. Yang, X. Zhang,Lku, Phase selection and re-
melting-induced anomalous eutectic in undercooleeB8l at. % Si alloy, J. Mater. Sci. 51
(2016) 10990-11001.

[6] L. Liu, J.F. Li, Y.H. Zhou, Solidification interf& morphology pattern in the
undercooled Co—24.0 at. % Sn eutectic melt, ActeeM&9 (2011) 5558-5567.

[7] L. Liu, X.X. Wei, Q.S. Huang, J.F. Li, X.H. Cheng,H. Zhou, Anomalous eutectic
formation in the solidification of undercooled Ca-&lloys, J. Cryst. Growth 358 (2012) 20—
28.

[8] C.R. Clopet, R.F. Cochrane, A.M. Mullis, The origihanomalous eutectic structures
in undercooled Ag—Cu alloy, Acta Mater. 61 (201894-6902.

[9] S. Zhao, J. Li, L. Liu, Y. Zhou, Eutectic growtloin cellular to dendritic from in the
undercooled Ag—Cu eutectic alloy melt, J. Crysovah 311 (2009) 1387-1391.

[10] W.J. Yao, N. Wang, B. Wei, Containerless rapiddibtation of highly undercooled
Co-Si eutectic alloys, Mater. Sci. Eng. A 334 (2003-19.

[11] W. Yao, Z. Ye, N. Wang, X. Han, J. Wang, X. Wen,nipetitive nucleation and
rapid growth of Co-Si intermetallic compounds dgrirutectic solidification under
containerless processing condition, J. Mater. Bathnol. 27 (2011) 1077-1082.

[12] Y. Wang, J. Gao, M. Kolbe, A. Chuang, Y. Ren, D.Matson, Metastable
solidification of hypereutectic G8i—CoSi composition: Microstructural studies anesitiol

observations, Acta Mater. 142 (2018) 172-180.

21



518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

[13] Y.K. Zhang, J. Gao, M. Kolbe, S. Klein, C. Yang, ¥asuda, D.M. Herlach, Ch.-A.
Gandin, Phase selection and microstructure formatiaundercooled Co—61.8 at. % Si melts
under various containerless processing conditidotg Mater. 61 (2013) 4861-4873.

[14] M. Li, K. Nagashio, T. Ishikawa, A. Mizuno, M. Adaic M. Watanabe, S. Yoda, K.
Kuribayashi, Y. Katayama, Microstructure formatiand in situ phase identification from
undercooled Co—61.8 at. % Si melts solidified on edectromagnetic levitator and an
electrostatic levitator, Acta Mater. 56 (2008) 252825.

[15] M. Li, T. Ishikawa, K. Nagashio, K. Kuribayashi, 8oda, A comparative EBSP
study of microstructure and microtexture formatioom undercooled NyB; melts solidified
on an electrostatic levitator and an electromagnrietiitator, Acta Mater. 54 (2006) 3791—
3799.

[16] K. Ishida, T. Nishizawa, M.E. Schlesinger, The Ciof&obalt-Silicon) system, J.
Phase Equilibria 12 (1991) 578-586.

[17] L. Zhang, Y. Du, H. Xu, Z. Pan, Experimental inwgation and thermodynamic
description of the Co-Si system, CALPHAD 30 (2003)—481.

[18] N. Schell, A. King, F. Beckmann, T. Fischer, M. NMlag A. Schreyer, The high
energy materials science beamline (HEMS) at PETIRAMIater. Sci. Forum 772 (2014) 57—
61.

[19] A.P. Hammersley, S.O. Svensson, M. Hanfland, A.Xchi- D. Hausermann, Two-
dimensional detector software: from real deteaboidealised image or two theta scan, High
Pressure Res. 14 (1996) 235-248.

[20] <https://www.virtualdub.org/>.

[21] S. Jeon, D.M. Matson, Formation of cellular stroetan metastable solidification of

undercooled eutectic CoSi—62 at. %, Crystals 7 {2Q95.

22



542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

[22] R.W. Hyers, D.M. Matson, K.F. Kelton, J.R. Roge@gnvection in containerless
processing, Ann. NY Acad. Sci. 1027 (2004) 474-494.

[23] K. Eckler, F. Gartner, H. Assadi, A.F. Norman, AGreer, D.M. Herlach, Phase
selection, growth, and interface kinetics in undeted Fe—Ni melt droplets, Mater. Sci. Eng.
A 226-228 (1997) 410-414.

[24] D.M. Matson, R.W. Hyers, T. Volkmann, H.-J. FedPhase selection in the mushy-
zone:LODESTARSNAELFSTONEProjects, J. of Phys. 327 (2011) 012009.

[25] D.M. Matson, X. Xiao, J.E. Rodriguez, J. Lee, RMyers, O. Shuleshova, I. Kaban,
S. Schneider, C. Karrasch, S. Burggraff, R. WunclerH.-J. Fecht, Use of thermophysical
properties to select and control convection duragid solidification of steel alloys using
electromagnetic levitation on the space statioi 89 (2017) 1311-1318.

[26] M. Li, S. Ozawa, K. Kuribayashi, On determining thlease-selection principle in
solidification from undercooled melts—competitivacteation or competitive growth, Phil.
Mag. Lett. 84 (2004) 483—-493.

[27] F. Spaepen, A structural model for the solid-liginterface in monoatomic system,
Acta Metall. 23 (1975) 729-743.

[28] Z. Jian, N. Li, M. Zhu, J. Chen, F. Chang, W. Jiemperature dependence of the
crystal-melt interfacial energy of metals, Acta a0 (2012) 3590-3603.

[29] F. Spaepen, Homogeneous nucleation and the terapeddpendence of the crystal-
melt interfacial tension, Solid State Phys. 47 @)9B-32.

[30] 1. Shimizu and Y. Takei, Temperature and compasaialependence of solid-liquid
interfacial energy: application of the Cahn—Hiltigheory, Physica B 362 (2005) 169-179.
[31] W.J. Yao, N. Wang, Latent heats of fusion and afjization behaviors of Co-Si

binary alloys, J. Alloy. Compd. 487 (2009) 354-357.

23



566 [32] X.X. Wei, X. Lin, W. Xu, Q.S. Huang, M. Ferry, J.Ei, Y.H. Zhou, Remelting-
567 induced anomalous eutectic formation during satidifon of deeply undercooled eutectic
568 alloy melts, Acta Mater. 95 (2015) 44-56.

569 [33] K.G. Prashanth, J. Eckert, Formation of metastedli@lar microstructure in selective
570 laser melted alloys, J. Alloy. Compd. 707 (2017}24.

571 [34] L. Pauling, A.M. Soldate, The nature of the bordthe iron silicide FeSi, and related
572  crystals, Acta Cryst. (1948) 212-216.

573 [35] A.l. Al-Sharif, M. Abu-Jafar, A. Qteish, Structurahd electronic structure properties
574  of FeSi: the driving force behind the stabilitytbe B20 phase, J. Phys.: Condens. Matter 13
575  (2001) 2807—2815.

576 [36] R.E. Honig, D.A. Kramer, Vapor pressure data fer $blid and liquid elements, RCA
577 Rev. 30 (1969) 285-305.

578

24



579 Figure 1

1800 T e

(@) (b) ©)
——AT=66K  {\ ——AT=112K —— AT=144 K
—— AT=120K —— AT=175K
1700 —— AT=141K
3
© 1600
=
o
8
£ 1500
Q
=
1400 1
1300 Lt

10 15 20 25 3010 15 20 25 3010 15 20 25 30
580 Time (s)
581 Fig. 1. Temperature-time profiles of Co—61.8 atSt@lloys at (a) low, (b) intermediate, and

582  (c) high undercoolings in the ESL experiments. Tigaidus temperaturd, (dashed line)

583 was determined based on the Co-Si phase diagrdm [16
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591  Fig. 3. Time evolution of temperature (Top) and XBikctra (bottom) of a Co—61.5 at. % Si
592 melt at (a) low and (b) high undercoolings in thdLE The Bragg peaks of crystalline phases

593  were assigned in the right panel.
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603 Fig. 5. Characteristic nucleation and recalesceangeratures of Co—61.8 at. % Si alloys
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606 Figure 6

607

608 Fig. 6. Pathway (PW) | EBSD orientation maps caddie (a) CoSi and (b) CoSphases and
609  (100) pole figures for (c) the CoSi and (b) CoShases, respectively.
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Fig. 7. Pathway (PW) Il EBSD orientation maps fay f, j) CoSi and (b, e, i) CoSphases

and (100) pole figures of (c, h, I) the CoSi andgck) CoSj phases, respectively.
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616 Figure 8

PW III CosSi, (color), CoSi(gray) CoSi (color), CoSi, (gray)
& - ‘ ) . N )"- r ;

7

617

618  Fig. 8. Pathway (PW) Il EBSD orientation maps fay CoSj and (b) CoSi phases and (100)

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

622

623  Fig. 9. (a and c) Images captured from tomograjghns of the samples of pathwdyandII-
624  c, respectively. (b and d) Back-scattered SEM imagethe sample surfaces for pathwhys
625 andll-c, respectively.
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627 Figure 10
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629 Fig. 10. Temperature-time profiles of three composs in the ESL. (a) pure CoSi, (b)
630 eutectic CoSi—Cosmixture, and (c) pure CoSired dotted lines indicate the liquidui ) of

631 each composition. Inset in (c) shows a heatingetov CoSj.
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633 Figure 11
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636 repeated, a small peak (arrow) begins to gradaglhear.
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