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a b s t r a c t 

From thermodynamical consideration, rather a monotonically increasing crystal growth velocity with in- 

creasing undercooling is expected in the crystallization of liquids, mixtures, and alloys [P.K. Galenko and 

D. Jou, Physics Reports 818 (2019) 1]. By contrast to this general theoretical statement, Al-rich Al-Ni alloys 

show an anomalous solidification behavior: the solid-liquid interface velocity slows down as the under- 

cooling increases [R. Lengsdorf, D. Holland-Moritz, D. M. Herlach, Scripta Materialia 62 (2010) 365]. It is 

also found that besides the anomalous growth behaviour, changes in the shape of the recalescence front 

as the growth front morphology occur. In the light of recent measurements in microgravity with an Al- 

25at.% Ni alloy sample onboard the International Space Station (ISS) results confirming this anomalous 

behavior as an unexpected trend in solidification kinetics are presented. The measurements show multi- 

ple nucleation events forming the growth front, a mechanism that has been observed for the first time 

in Al-Ni alloys [D. Herlach et al., Physical Review Materials 3 (2019) 073402; M. Reinartz et al. JOM 74 

(2022) 2420] and summarized with detailed analysis in the present publication over a wider range of 

concentrations. Particularly, the experimental measurements and obtained data directly demonstrate that 

the growth front does thus not consist of dendrite tips (as in usual rapid solidifying samples), but of 

newly forming nuclei propagating along the sample surface in a coordinated manner. Theoretical analysis 

on intensive nucleation ahead of crystal growth front is made using the previously developed model [D.V. 

Alexandrov, Journal of Physics A: Mathematical and Theoretical 50 (2017) 345101]. Using equations of this 

model, quantitative calculations confirm the interpretation of experimentally observed propagation of the 

recalescence front and obtained data on the microstructure of droplets solidified in electromagnetic lev- 

itation facility (EML) on the Ground, under reduced gravity during parabolic flights, and in microgravity 

conditions onboard the ISS. 

© 2022 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

The developed methods of containerless processing of elemen- 

al or alloying samples allow us to reach deep undercooling or 

igh-temperature gradients in the liquid that initiates rapid solid- 

fication of these samples [1] . Rapid solidification provides various 
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athways to freeze (meta)stable phase leading to special properties 

or processed materials [2] . A special place in the study of rapidly 

olidifying alloys is occupied by aluminum-nickel alloys due to 

heir practical significance. In particular, Al-Ni alloys are used as 

 basis for obtaining magnetically hard materials with high values 

f coercive force and residual induction (Fe-Ni-Al alloys). Also, Al- 

i alloys are a basic system for high-temperature alloys exhibiting 

mproved mechanical properties. Therefore, Al-Ni alloys were in- 

ensively investigated especially by rapid solidification techniques 

n different directions simultaneously. 
. This is an open access article under the CC BY license 
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Fig. 1. Section of the phase diagram of Al-Ni with alloy compositions used in 

the present work: Al-25at.% Ni, Al-31.5at.% Ni, Al-40at.% Ni and Al-45at.% Ni. The 

phase diagram was calculated using FactSage 7.1 [44] with the SGTE 2014 data 

base [11,45] . 
First , Assadi et al. [3–5] performed basic initial experiments 

ith the EML focusing on the Ni-rich side of the Al-Ni system. In 

articular, using this developed EML-method for quantitative esti- 

ation of crystal growth velocity by propagating fronts of recales- 

ence, effect of forced flow on the dendritic microstructure was 

tudied [6–8] . The experiments were performed both by container- 

ess electromagnetic levitation (EML) on Earth and under reduced 

ravity conditions during parabolic flight campaigns. The alternat- 

ng electromagnetic fields induce convection, which is strong under 

errestrial conditions while much weaker in reduced gravity. By 

omparing results obtained on Earth and in reduced gravity, it was 

emonstrated that the change of transport conditions by convec- 

ion significantly alters the kinetics of solidification and the evo- 

ution of grain refined microstructures at undercoolings less than 

00 K [9] . 

Second , Al-Ni alloys are typical multi-phase alloys that eas- 

ly may exhibit different phases for the same chemical com- 

osition but depend on the degree of undercooling. Applying 

-ray diffraction analysis, identification of phases during solidifi- 

ation of samples in-situ as well as during the post-recalescence 

eriod of the solid samples at their cooling post-mortem was pro- 

ided by Shuleshova et al. [10–13] . Particularly, a search for disor- 

ered phases was carried out in which the main attention in the 

tudy was paid to the transition from an ordered to a disordered 

hase of an intermetallic compound of the Ni 50 Al 50 composition 

14] . This transition has been intensively studied at the atomic 

evel by molecular dynamics simulation [15,16] , and at the meso- 

copic spatial level using the phase field method [17,18] . In situ 

iffraction of synchrotron radiation on levitation-processed sam- 

les of the Ni 50 Al 50 alloy unambiguously shows a transition from 

rdered to disordered growth at the critical undercooling �T ∗ ≈
50 K [19] . The complete transition at this critical value of un- 

ercooling is accompanied by a steep rise of the crystal growth 

elocity of a congruently melting intermetallic phase. This sharp 

ransition in crystal growth kinetics is attributed to disorder trap- 

ing during the non-equilibrium solidification of deeply under- 

ooled melts [20] consistently to the theory of kinetic phase tran- 

itions [21–26] . 

Third , the remarkable feature of Al-Ni alloys is their absolutely 

nusual solidification kinetics in the wide concentration range of 

he Al-rich part of the phase diagram, namely in samples of Al- 

5...40 at.% Ni alloys. Indeed, with increasing undercooling, the dif- 

erence in Gibbs free energy between the liquid and the primary 

olid phase increases, and the growth velocity of the solid phase 

epends directly on the difference in the Gibbs free energies [27] . 

t is hence expected that the growth velocity increases with in- 

reasing undercooling. Lengsdorf et al. [28,29] used the EML tech- 

ique [1,2] to investigate the growth velocity versus undercooling 

elationship in Al-Ni alloys. They found that, as opposed to the 

xpected trend, the growth velocity decreases for increasing un- 

ercooling in Al-rich Al-Ni alloys at least in a certain temperature 

ange. This finding contradicts common theory of crystal growth, 

ccording to which only increasing growth velocities are dynami- 

ally stable [30,31] . 

We shall pay mainly our attention to the above principally im- 

ortant T hird issue with the main goals of the present work as 

( a ) to compare the new experimental results obtained for sam- 

les of Al-Ni alloys under microgravity conditions onboard the ISS 

ith the results obtained previously for samples processed in EML 

nder terrestrial conditions [29] , 

( b) following the terminology and systematization given in the 

ork [32] , to classify and unify the structures experimentally ob- 

ained in the process of recalescence and in the final crystalline 

icrostructure of samples solidified onboard the ISS, 

( c) following a qualitative explanation of the anomalous kinetics 

f solidification of Al-Ni alloys [33] , to give a quantitative assess- 
2 
ent and confirmation of the discussed mechanism of anomalous 

olidification based on the solution of model equations [34,35] . 

The fulfillment of these ( a )-( c)-goals will make it possible to 

omplete the explanation of the mechanism of anomalous solidi- 

cation of Al-rich Al-Ni alloys, which was begun in the pioneering 

orks [28,29] . 

. Experimental 

In order to study the relationship between the dendrite growth 

elocity, undercooling, and microstructure, electromagnetic levita- 

ion experiments were carried out using four different Al-Ni com- 

ositions, particularly Al-25at.% Ni, Al-31.5at.% Ni, Al-40at.% Ni and 

l-45at.% Ni, see Fig. 1 . Samples were prepared from Al 5N (Hy- 

ro Aluminium Rolled Products GmbH, Bonn, Germany), and Ni 

N 5 (AlfaAesar Puratronic). The materials were alloyed using an in- 

uction furnace with a cold wall crucible under Ar atmosphere. 

evitation samples were cut from the as-cast button by using a 

recision saw (IsoMet50 0 0, Buehler). The alloys Al-31.5at.% Ni, Al- 

0at.% Ni and Al-45at.% Ni were solely studied under 1 g conditions, 

hereas the alloy Al-25at.% Ni was additionally studied onboard 

he ISS under microgravity. 1 g conditions require a strong levita- 

ion force which, in fact, induces the forced convective flow inside 

he bulk of the molten droplet. As such, because the melt velocity 

s directly influenced by the applied electromagnetic field strength, 

icrogravity experiments have the advantage due to the actually 

egligible fluid flow in molten droplets under lower electromag- 

etic field strength, decoupled heating, and positioning [2] . 

In the experiments, undercoolings of up to �T ≈ 260 K under 1 g

nd up to �T ≈ 350 K under microgravity were reached. A high- 

peed camera (Phantom v7.3, Amatek Vision Research) was used 

o record the growth front with frame 80 rates of up to 20 0 0 0

rames per second (fps). An infrared pyrometer (IDA 140 MB 30L, 

umaSense Technologies) was applied to record the temperature- 

ime profiles during the processing on the Ground and onboard the 

SS for samples with a diameter of 6.5-7.2 mm. 

After processing in the electromagnetic levitator on the Ground, 

he samples were cut to halves and mounted in electrically con- 

uctive embedding material (PolyFast, Struers) for analysis in a 

canning electron microscope (LEO 1530 85 VP, Zeiss Merlin). Fi- 

ally, some other details of the experimental technique as well 

s typical heating-and-cooling curves ”temperature-time” for the 

roplet processed in EML are described in our recent publica- 

ion [33] . 
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. Solidification kinetics of Al-Ni-alloys 

.1. Solidification velocity 

Previous measurements using Al-rich Al-Ni alloys showed a de- 

reasing solidification velocity for increasing undercooling as an 

nomalous behaviour of the solidification velocity-undercooling re- 

ationship [28,29,32,33] . Such downward tendency is shown by the 

olid black triangles in Fig. 2 as well as by velocities determined 

n space under microgravity conditions. Current measurements are 

hown with differently coloured and shaped markers represent- 

ng different front morphologies. These results of our novel exper- 

ments confirm the growth front velocity measurements by Lengs- 

orf et al. [28,29] . 

Note that for Al-25at.% Ni, a maximum in the solidification ve- 

ocity at around �T ≈ 150 K is visible in Fig. 2 (a). This maximum is

ssociated with the appearance of new phase. However, the num- 

er of data points for the Al-25at.% Ni alloy gained onboard the 

SS (see red circles and green diamonds in Fig. 2 (a)) is limited 

nd too small to reproduce the peak observed in the velocity- 

ndercooling relationship for the values of undercoolings of 150 < 

T (K) < 200 . In any case, the overall trend shows a decreasing so-

idification velocity with increasing undercooling. In the Al-31.5at.% 

i alloy, shown in Fig. 2 (b), the velocity decreases monotonically. 

or compositions above C Al ≈ 35 at.%, the velocity passes through a 

inimum as the undercooling increases that is demonstrated by 

ig. 2 (c). For C Al ≥ 45 at.%, the velocity shows the expected trend of

 monotonically increasing solidification velocity as the undercool- 

ng increases. 

The downward parts of the velocity curves shown in Fig. 2 (a)- 

c) contradict general crystal growth theory according to which 

nly the curves with positive slope d V/d (�T ) > 0 are dynami-

ally stable [30,31] . Instead, kinetic curves with a negative slope, 

 V/d (�T ) < 0 , are dynamically unstable, demonstrated by the pre-

iction that growth conditions leading to d V/d (�T ) < 0 cannot at-

ain a steady state. The growth behavior exhibiting the downward 

elocity curves present anomaly in growth kinetics of Al-rich Al-Ni 

lloys (see Fig. 2 (a)-(c)). 

Different modeling attem pts were made to obtain mechanism 

r merely explain this anomaly. 

( i ) Ehlen and Herlach [46] considered different properties of the 

nvolved phases, interpreting the AlNi B2 phase either as a solid 

olution or an intermetallic phase. Growth velocities in the correct 
ig. 2. Measured solidification front velocities for four different compositions: (a) Al-25at

lled markers, are available only for the Al-25at.% Ni alloy. Literature values by Lengsdorf e

re represented by differently coloured and shaped markers. 

3

agnitude were achieved, but the negative slope d V/d (�T ) < 0 of

he velocity-undercooling relationship was not reproduced. 

( ii ) Several interesting hypotheses have been put forward to 

xplain the downward branch of the velocity curve with increas- 

ng supercooling. For example, hypotheses about the effect on the 

rowth rate of dendrites were associated with the influence of 

orced convection, inverse melting, varying fractions of the solid- 

fying phases, and non-stationarity of the temperature field inside 

he droplet. However, the inconsistency of all these hypotheses in 

onnection with the influence on the kinetics of dendritic growth 

n Al-Ni alloys and the change in the slope of the velocities curves 

as discussed in detail in Reinartz’s dissertation [47] . 

( iii ) Mullis [48] supposed that the enhancement of the veloc- 

ty at the surface and the trend for decreasing velocity with the 

ncrease of undercooling occurs due to enrichment of the droplet 

urface by the nickel. This enrichment probably appears because 

he sample processes in EML under high purity vacuum may lose 

l at the surface due to its evaporation at low undercooling (i.e., at 

igh temperature). Such speculation is based on the possible fact 

hat the oxidation of surface Al, followed by evaporation of the ox- 

de, so that the surface becomes more Ni-rich relative to the bulk. 

s this may significantly alter the liquidus temperature, the effec- 

ive undercooling of the thin surface layer becomes higher than 

hat of the bulk which initiate intensive surface crystal nucleation 

nd their growth. By the developing model which takes into ac- 

ount different Ni-content at the surface of droplets and, respec- 

ively, different undercooling, Mullis calculated downwards veloc- 

ty curve for the small and intermediate values of undercooling 

nd upwards curve for the velocity at higher undercooling. Indeed, 

is calculating predictions showed consistency with experimental 

ata for the Al-35% Ni and Al-40% Ni alloys, see Fig. 14 in [48] ,

specially, exhibiting existence of the kinetic curves with a nega- 

ive slope, d V/d (�T ) < 0 . In this case of changing chemical content

ith temperature the theorem about thermodynamically allowed 

egimes only for kinetic curves with positive slope, d V/d (�T ) > 0 ,

nd without alternating chemical composition [30,31] , might not 

e applied directly. Anyway, the main difficulty of accepting the 

ownwards velocity curves of Mullis is how to combine the kinetic 

urves for velocity shown in Fig. 14 of his paper [48] , which were

alculated only for the growth of dendrites, with the experimen- 

ally observed recalescence front, which propagates by the pre- 

ominant nucleation of crystals on the surface of the droplet at 

mall and moderate undercoolings [32,33] . 
.% Ni, (b) Al-31.5at.% Ni, (c) Al-40at.% Ni and (d) Al-45at.% Ni. Microgravity results, 

t al. [28,29] are marked by black triangles. Five different growth front morphologies 
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Fig. 3. Scheme for measurement of the solidification front velocity in sample 

(droplet) processed by EML. Here: d is the diameter of the droplet which is as- 

sumed to be spherical and t is the time. The recalescence front with the velocity 

V is shown at the time t i . The measurement of the solidification velocity is shown 

here by the method of ”first frame - last frame” [49] , i.e. V is measured from the 

time, t 0 for nucleation of crystals up to the time t n for the recalescence front to 

pass through the surface of the entire droplet. 
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Fig. 4. Growth front morphologies as snapshots of the recalescence fronts at the 

sample surface were observed and fixed by the high-speed camera. The time (in 

milliseconds) of the concrete snapshot is indicated at the left-top corner. Magnifi- 

cation is indicated by the scale at the left-bottom corner in every image. The green 

outline limits the visible area of the levitating droplet, where the propagation of 

the recalescence front and the crystalline microstructure were analyzed. (a) Solid- 

ification front represented by scales in Al- 25at.% Ni solidifying at �T = 282 K. (b) 

Solidification front with spikes (dendrites with sharp tips) in Al- 25at.% Ni solidi- 

fying at �T = 350 K. (c) Stripes (wavy fronts) behind the solidification front in Al- 

31.5at.% Ni solidifying at �T = 216 K. (d) Rugged (rough) solidification front in Al- 

40at.% Ni solidifying at �T = 277 K. 
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Taking the above ( i )-( iii ) points into account we formulate the

ain idea about negative slopes of the velocity curves in the Al-Ni 

lloys by the followed analysis of the recalescence fronts, solidifi- 

ation front morphology, metallography of samples, and, especially, 

y theoretical calculations of the rates for solidification fronts. 

.2. Shape of recalescence fronts and growth morphologies 

The high-speed camera captures the videos at frame rates of 

p to 20 0 0 0 fps. The obtained movies allow us to determine the

olidification velocity as a velocity for the recalescence front prop- 

gation. Recollect that recalescence is the process of releasing (ex- 

ess) latent heat during the transition from a liquid to a solid crys- 

alline state. The region in which the transition occurs and where 

atent heat is released is observed as bright and light, and the re- 

ion where the transition does not yet occur is observed as dark. 

herefore, the recalescence front is the interface between the re- 

eased and not yet released latent heat of crystallization. Usually, 

he recalescence front coincides with the surface around the tips of 

rowing crystals. Therefore, the solidification velocity is measured 

y the geometrical envelope propagation of the crystals (dendritic) 

ips. Figure 3 demonstrates a scheme for the solid-liquid interface 

elocity measurement by the recalescence front propagating in so- 

idifying droplet. The solidification starts after triggering this pro- 

ess by the needle (which is measured at the same material as the 

roplet itself) at the initial time t 0 . The primary solidification is 

nished at the time t n , therefore, the solid-liquid interface velocity 

s estimated by the ratio V = D d / �t with D d the droplet diameter

nd �t = t n − t 0 . Such estimation is known as the measurement by 

the first frame - last frame” in comparison with the other method 

f the velocity measurement known as ”frame by frame” [49] . Fi- 

ally, besides the front velocity, the morphology of the front is de- 

ermined. 

.2.1. Al-25at.% Ni. 

At undercoolings of �T < 300 K, the nucleation front consists 

f numerous circular features that we will call ”scales” following 

efinition given in the work [32] , see Fig. 4 (a). The sequence of

ew scales forming next to the previous ones continues in a stable 

anner throughout the whole solidification time of the droplets 

or �T < 300 K. 

Figure 4 (b) shows a second front morphology which may also 

xist in the solidifying Al-25at.% Ni alloy. For undercoolings of 
4 
T > 300 K, the front shows dendrite like features with sharp tips. 

ecause this has not been observed on Earth so far, the microstruc- 

ure has not been studied in detail yet, and we designate the mor- 

hology of the growth front as spikes. 

.2.2. Al-31.5at.% Ni. 

For this alloy, two different morphologies were observed: sim- 

lar to Al-25at.% Ni, scales appear, here for undercoolings above 

T ≈ 200 K. At undercoolings below �T ≈ 200 K, a different mor- 

hology is found. The solid part of the sample surface exhibits 

tripes, which are brighter than their surroundings, see 4 (c). They 

re essentially parallel to the solidification front. We call this mor- 

hology wavy because it seems like the scales could have merged 

nto stripes. However, in contrast to the morphology in Fig. 4 (a), 

o clearly distinct scales appear close to the growth front. In the 

ange of undercooling, 200 < �T (K) < 220 , a transition region from 

avy to scales was observed, where both morphologies occur. The 

ransition from wavy to scales could not always be clearly identi- 

ed. 

.2.3. Al-40at.% Ni. 

During the solidification of this alloy, the wavy growth front 

orphology appeared for undercoolings of �T < 220 K. The mor- 

hology occasionally was scale-like, but in other cases, it was sim- 

lar to the morphologies in Al- 31.5at.% Ni where the scales have 

robably merged to stripes. For �T > 220 K, a rugged front was ob- 

erved. Figure 4 (d) shows an example of this rugged morphology. 

.2.4. Al-45at.% Ni. 

The morphology in this alloy was observed as similar to the 

orphology of the Al- 40at.% Ni alloy shown in Fig. 4 (d) at �T >

20 K. For instance, at the undercooling of �T = 141 K a rugged in-

erface was observed in the Al-45at.% Ni alloy. For higher under- 

oolings, the front became smoother and the rugged structure only 

ppeared at the end of solidification. In Fig. 5 , a flat front is shown,

hich, in comparison to Fig. 4 (d), shows only weak disturbances. 
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Fig. 5. Flat (planar) growth front in Al- 45at.% Ni solidifying at �T = 241 K. The 

time (in milliseconds) of this snapshot is indicated at the left-top corner. Magnifi- 

cation is indicated by the scale at the left-bottom corner of this image. 
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Fig. 6. Microstructure of an Al-25at.% Ni alloy solidified at an undercooling of 

�T = 85 K. (a) Microstructure in polarized light. The image shows large shrinkage 

holes inside the sample. (b) Scanning electron microscope image of the sample 

edge. The arrow marks an example for dendrites growing from the sample surface 

in the direction of the sample center. 

Fig. 7. Scanning electron microscope image of an Al- 25at.% Ni sample solidified at 

�T = 137 K. Dendritic structures grown inward from the sample surface are found 

around the whole sample surface. Bright phase is Al 3 Ni, grey phase is α-Al, the rest 

is represented by pores. 
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It is worth noting that the transition to a macroscopically 

mooth front of recalescence (see Fig. 4 (d) and 5 ), prevails in many

ecorded movies on high-speed crystallization of droplets in levita- 

ors if the undercooling is equal to or exceeds some critical value. 

uch a transition from a macroscopically angular front (as, for ex- 

mple, is observed in Fig. 4 (b)) to a flat front is associated with a

hange in the crystallization regime. For example, a transition to 

 macroscopically smooth (flat) front occurs if crystal growth be- 

omes controlled not only by heat removal but occurs in a thermo- 

inetic regime, in which atomic kinetics controls the velocity and 

orphology of the front together with the heat removal from the 

nterface [50,51] . 

.3. Microstructure in Al-25at.% Ni 

A thorough microstructure analysis was carried out for the Al- 

5at.% Ni alloy processed in EML on the Ground. In this alloy, a 

egative slope of the velocity V -curve was found for the whole 

ange of measured undercoolings �T , see Fig. 2 (a). Two samples 

hat were processed at the undercooling of �T = 85 K, see Fig. 6 ,

nd at the undercooling �T = 137 K, see Fig. 7 , were prepared for

icrostructure analysis through the geometrical centre of these 

amples. 

Figure 6 (a) shows an optical image (polarized light) of the mi- 

rostructure exhibiting the extensive shrinkage holes in the centre 

f sample (solidified at �T = 85 K) 1 . Within the entire visible mi-

rostructure, the shrinkage pores are completely enclosed by solid. 

n the solid around the shrinkage holes, dendritic structures are 

isible. These are marked in Fig. 6 (b) with an arrow. At distances 

f approximately 200 μm, these structures appear on the whole 

uter surface of the sample. 

The microstructure of the second sample (solidified at �T = 

37 K) is shown in Fig. 7 . The dendrites growing towards the sam-

le centre are clearly visible. Most of the dendrites do not exhibit 

econdary arms. The orientation of the dendrites indicates that nu- 

leation occurs in multiple events at the sample surface, leading to 

 region of growth selection and growth of the favourably oriented 

endrites towards the sample centre. 

There are several additional compelling facts about the mul- 

iple nucleation as the most promising explanation for the 

nomalous behavior of the velocity shown in Fig. 2 (a)-(c). For 

xample, there are many histograms ”nucleation of crystals in 

ime”, appearance of ”scales in time” [47] , but the data given 

ere (see, for instance, Figs. 6 and 7 ) is very representative to 

ssert that we observe the front of nucleation competiting with 
1 To obtain a better contrast in the image, the mounting resin was masked. 

herefore, these shrinkage holes are emphasized by masking the reflections from 

nside the holes by using a bright-field image. 

t

f

s

5 
he crystal growth process that might give downward velocity 

urves ( d V/d (�T ) < 0 ) for solidifying samples of Al-25...40 at.% Ni

lloys. 

Figure 8 shows a part of the Al-25at.% Ni droplet solidified at 

he undercooling �T = 123 K. Such undercooling is related to the 

elocity belonging to the downward part of the curve which is 

hown in Fig. 2 (a). Even though the dendrites are visible as grow- 

ng inward from the outer surface of the droplet to its center, 

he final structure exhibits a junction of differently oriented grains 

ormed upon multiple crystal nucleation. 

Additionally, one can compare the dendritic structure of 

amples solidified within different ranges of undercooling at which 
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Fig. 8. A part of the Al-25at.% Ni droplet solidified at the undercooling �T = 123 K which is consistent with the downward part of the velocity curve shown in Fig. 2 (a). 

Primary dendrites consist of the Al 3 Ni 2 -phase. The droplet was solidified under reduced gravity in EML established onboard ISS. (a) Image obtained by scanning electron 

microscope (SEM). (b) The same part of the droplet shown after analysis provided by Electron backscatter diffraction (EBSD). 

Fig. 9. Scanning electron microscope (SEM) image of Al-40at.% Ni samples solidified under reduced gravity in EML established within the TEXUS sounding rocket. (a) Droplet 

solidified at the undercooling �T = 123 K which is consistent with the downward part of the velocity curve, d V/d (�T ) < 0 , shown in Fig. 2 (c). (b) Droplet solidified at the 

undercooling �T = 275 K which is consistent with the upward part of the velocity curve, d V/d (�T ) > 0 , shown in Fig. 2 (c). 
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he experimentally measured front velocity has the form of the 

ownward curve or upward curve. Figure 9 demonstrates two 

ifferent microstructures of Ni-40at.%Al droplets processed in 

ML under reduced gravity conditions. The difference in den- 

ritic structure is clearly visible. The droplet solidified at �T = 

23 K exhibits small equiaxed dendrites appearing after multiple 

rystals nucleation, see Fig. 9 (a). The high-speed camera fixed 

tripes/waves at the solidification front (front of recalescence) 

n the surface of this droplet. Quantitatively, the solidification 

ate of this droplet is related to the downward part of the ve- 

ocity curve, d V/d (�T ) < 0 , shown in Fig. 2 (c). By contrast, the

tructure of the droplet solidified at �T = 275 K is visible as 

isordered dendrites with long stems and developed secondary 

ranches, see Fig. 9 (b). Solidification of this droplet exhibited 

ropagation of the rugged/flat front of recalescence recorded by 

he high-speed camera that was quantitatively consistent with 

he upward part of the velocity curve, d V/d (�T ) > 0 , shown in

ig. 2 (c). 

The results presented in Figs. 7, 8 , and 9 are in full agreement

ith the obtaining of recent studies [32,33] . They also directly in- 

icate that it is necessary to consider not only the growth pro- 

ess, but another process competing with growth to predict de- 

cending solidification rate curves. This additional process is the 

ucleation of crystals, which is confirmed by our theoretical cal- 

ulations in next Section exhibiting the appearance of downward 

elocity curves with increasing undercooling. 
6 
. Theoretical modeling 

Since it has been experimentally established that the kinetics of 

olidification is determined by the nucleation and growth of crys- 

als, a theoretical description should include these two processes. 

he model [33] considers the motion of a two-phase zone pre- 

isely due to the successive nucleation of crystals that is schemat- 

cally shown in Fig. 10 (a). Namely, this figure illustrates that the 

oundary “Solid phase – Two-phase zone” moves due to predom- 

nant nucleation of newly born crystals with their attachment to 

he so-called “Solid crystalline front”. Therefore, in the first case, 

he boundary “Two-phase zone – liquid phase” moves by after the 

ucleation giving the velocity | V nucl | . Competition between nucle- 

tion and growth may drive the boundaries of the two-phase zone 

nd the solidification kinetics is defined by the preferable process. 

nother limiting case is considered as a predominant directional 

rowth. In this case, the solidification velocity is V f ront , shown in 

ig. 10 (b). As a result, the recalescence front moves with the ve- 

ocity V rec = | V nucl | + V f ront . The predominance of growth or nucle-

tion must be selected kinetically, which we will show in the ex- 

ended version of the model which includes growth and nucleation 

f crystals simultaneously. 

Equations from our previous work [33] were transformed ac- 

ording to the treatments of the original works [34–36] . Now, after 

ransformations of the model equations, they are presented in the 

orm of dimensional functions and parameters. 
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Fig. 10. Illustration of the moving two-phase zone along the spatial coordinate ξ at 

time τ . The velocity V nucl (τ ) due to crystal nucleation is driving by the undercool- 

ing �T nucl (τ ) . The velocity V f ront (τ ) due to crystal growth is driving by the under- 

cooling �T f ront (τ ) . Panel (a) shows a solidification regime with predominant nucle- 

ation while panel (b) illustrates both contributions from nucleation and directional 

growth resulting in the recalescence velocity V rec = | V nucl | + V f ront . 
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The undercooling balance �T is defined as a sum of nucle- 

tion undercooling �T nucl (τ ) and the undercooling at the bound- 

ry “Solid phase – Two-phase zone” denoted by �T f ront (τ ) (see 

ig. 10 ): 

T (τ ) = �T nucl (τ ) + �T f ront (τ ) , (1) 

T nucl (τ ) = �T 0 
[
F 0 (ξ , τ ) + εI k/ 4 

0 
β3 k/ 4 

∗ �T 3 k/ 4 
0 

τ k F 1 (ξ , τ ) 
]
, (2) 

T f ront (τ ) = 

(
V f ront 

μk 

)1 /n 

, (3) 

here �T 0 represents initial undercooling, ξ is dimensional spa- 

ial coordinate, τ is dimensional time, I 0 is initial nucleation rate 

frequency), β∗ is a kinetic parameter, k is a constant for kinetic 

egime, μk is a kinetic coefficient, and n is a power parameter that 

an be found numerically. Parameter ε can be designated as 

= α∗A, 

here 

∗ = 

β∗L V 
λl 

(
β∗�T 0 

I 0 

)1 / 4 

, A = 

3 b 3 / 4 	(1 / 4) 

b 0 α2 ∗ p 1 / 4 
, b = 

4 πL V 
3 ρc�T 0 

. 

ere L V is latent heat of crystallization, λl is a thermal conductivity 

f the liquid phase, 	 is a Gamma function, b is a constant in the
0 

7 
ase of the Weber-Volmer-Frenkel-Zel’dovich (WVFZ) kinetics (see 

37–42] ), ρ is a density of the liquid phase, and c p is the thermal

apacity of the liquid phase. 

Parameter p defining the nucleation rate (frequency) is an ex- 

onential function of the energy barrier height and in the case of 

he WVFZ kinetics has the form of the dimensionless Gibbs num- 

er (see, for details, [52] ) 

p = 

16 πγ 3 
i 

T p 

3 L 2 
V 
�T 2 

0 
k B 

, (4) 

here γi is the surface tension and k B is the Boltzmann constant. 

The interface velocity V (τ ) due to nucleation and growth of 

rystals, Fig. 10 , is given by 

 (τ ) = V rec = V nucl (τ ) + V f ront (τ ) , (5) 

 nucl (τ ) = 

(
β∗�T 0 

I 0 

)1 / 4 [
αI 1 / 8 

0 
β3 / 8 

∗ �T 3 / 8 
0 

2 
√ 

τ
+ εβ

7 

2 
τ 5 / 2 I 7 / 8 

0 
β21 / 8 

∗ �T 21 / 8 
0 

]
, 

(6) 

 f ront (τ ) = μk �T n . (7) 

onstants α and β from Eq. (6) should be found from equations 

rfc 

(
α

2 

√ 

γ

)
+ w ∞ 

erf 

(
α

2 

√ 

γ

)
= 0 , (8) 

= 

√ 

πγ erf 

(
α

2 

√ 

γ

)
exp 

(
α2 

4 γ

)
F 1 (α) , (9) 

here 

 ∞ 

= 

T p − T ∞ 

�T 0 
, γ = 

λl I 
1 / 4 
0 

ρcβ5 / 4 
∗ �T 5 / 4 

0 

. 

Functions F 0 and F 1 from Eq. (2) are given by 

 0 (ξ , τ ) = 1 −
erf 

(
I 1 / 8 
0 

β5 / 8 
∗ �T 5 / 8 

0 

ξ√ 

τ
1 

2 
√ 

γ

)

erf 

(
α

2 
√ 

γ

) , (10) 

 1 (ξ , τ ) = 

∫ I 
1 / 8 
0 

ξ

β
5 / 8 ∗ �T 

5 / 8 
0 

√ 
τ

0 
[ 
(ξ1 ) − 
(α) ] exp 

(
− ξ 2 

1 

4 γ

)
dξ1 , (11) 

here 

(ξ1 ) = 

1 

γ

∫ ξ1 

0 

�(ξ2 ) exp 

(
ξ 2 

2 

4 γ

)
dξ2 , 

(ξ2 ) = 4 K 

2 (ξ2 ) ξ
4 
2 F 0 (ξ2 ) , K(ξ2 ) = 

∫ ∞ 

ξ2 

F 0 (ξ3 ) 

ξ 3 
3 

dξ3 . 

n these expressions, F 0 (ξ3 ) should be substituted as 

 0 (ξ3 ) = 1 −
erf 

(
ξ3 

2 
√ 

γ

)

erf 

(
α

2 
√ 

γ

) . 

To compare the theoretical prediction and the experimental 

ata, one fundamental difference should be noted between the 

ata obtained by such methods. Solution of Eqs. (1) - (11) predicts 

ow velocity V (τ ) and undercooling �T (τ ) change with time 

and along the distinguished spatial direction ξ . Figure 2 , on 

he contrary, shows the dependence of the initial, starting un- 

ercooling �T 0 on the velocity V , averaged over the diameter of 

he near-spherical sample. Moreover, in many experiments, it was 

hown that the velocity of the crystal front or the velocity of the 

endrites quickly reaches its constant value and the process is 

onsidered quasi-stationary. Experimentally, this was shown, for 
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Table 1 

Material parameters of Al-Ni alloy used in calculations. 

Parameter Value Units Source 

Phase transition temperature, T p 1673 K [43] 

far from the crystallization front, T ∞ 1900 K [43] 

Latent heat of crystallization, L V 567 kJ ·kg ·m 

−3 [43] 

Thermal conductivity of a liquid phase, λl 86.2 J ·m 

−1 ·s −1 ·K −1 [43] 

Thermal capacity of the liquid phase, c 1040 J ·kg −1 ·K −1 [43] 

Kinetic parameter, β∗ 10 −3 m ·s −1 ·K −1 present work 

Initial nucleation rate, I 0 10 20 m 

−3 ·s −1 present work 

Density of liquid phase, ρ 4290 kg ·m 

−3 present work 

Kinetic coefficient, μk 2 ·10 −3 m ·s −1 ·K −1 present work 

Surface tension, γi 0.115 J ·m 

−2 present work 

Table 2 

Parameters of Al-Ni alloy used in calculations by Eqs. (1) –(11) . 

Parameter Value Units Source 

b 0 2 7 / 4 - [34] 

k 3 - [34] 

n 3 - present work 

p 8.2 ·10 2 - present work 

α∗ 3.4 - present work 

A 0.3 - present work 

b 10.3 - present work 

ε 1.1 - present work 

γ 0.72 - present work 

i

f
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p

t
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Fig. 11. Calculated front velocity V (τ ) versus undercooling �T (τ ) of the Al-Ni al- 

loy at different times τ1 < τ2 < ... < τ6 . The points represent the average velocity 

V (τ ) on the distance ξ = 10 −3 (m). The numbers at the curves indicate the starting 

(nucleation) undercooling �T 0 . Solid lines indicate change of V (τ ) with �T (τ ) at a 

given initial �T 0 . Dashed lines show isochores by which velocity changes with �T 0 
to connect such tendency with experimental data shown in Fig. 2 . 
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nstance, in [1,2,47,49,51] and, theoretically, such quick approach 

rom non-stationary mode to steady state solidification in under- 

ooled droplets has been proved in [53] . The velocity in Ni-Al sam- 

les shown in Fig. 2 was not estimated in detail of its reaching 

he quasi-stationary regime. Therefore, model predictions using the 

quations (1) - (11) can be compared with experiment if it is pos- 

ible to estimate how the velocity V (τ ) changes with increasing 

nitial undercooling �T 0 in the region of relatively small values of 

on-stationary undercooling �T (τ ) and in the region of relatively 

arge values of non-stationary undercooling �T (τ ) . 

The system of Eqs. (1) - (11) has been solved numerically using 

he materials and numeric parameters of Tables 1 and 2 . Initial un- 

ercooling, �T 0 , has been varied in calculations as: 30K, 50K, 80K 

90K, 200K, and 220K. The temporal change of the velocity has 
ig. 12. Classification of solidification morphologies observed on the surfaces of Al-Ni dro

nd in microgravity (onboard the ISS). Classification is given by the behavior of solidificat

ritical undercooling, i.e. for �T < �T ∗ . Range I I shows patterns above critical undercooli

8 
een estimated at the distance ξ = 10 −3 m from the outer surface 

f the near-spherical droplet which usually has the diameter of 

= (6 ... 7) · 10 −3 m as a sample processed in electromagnetic lev- 

tator [1,2] . 

Figure 11 represents the obtained analytical solution in the case 

f the kinetic growth mode [34] . It is seen that with the increas-

ng time ( τ1 < τ2 < τ3 ) and in the range of the smallest under- 

ooling, �T < 100 K, the front velocity decreases. This occurs due 

o the predominant contribution of nucleation of crystals into the 

otion of the observed solidification front shown in the scheme 

f Fig. 10 (a). Such behavior is consistent with experimental data 

or Al-25at.% Ni, Al-31.5at.% Ni, and Al-40at.% Ni alloys shown in 

ig. 2 at smallest values of undercooling. 

From Fig. 11 it is also seen that with the increasing time ( τ4 <

< τ ) and in the range of the largest undercooling, �T > 180 K,
5 6 

plets processed in EML on the Ground, under reduced gravity (in parabolic flights), 

ion front velocity V as function of undercooling �T . Range I shows patterns below 

ng, i.e. for �T > �T ∗ . 
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he front velocity increases. This occurs due to the predominant 

ontribution of crystal growth into the motion of the observed so- 

idification front shown in the scheme of Fig. 10 (b). Such behavior 

s consistent with experimental data for Al-40at.% Ni for the largest 

alues of undercooling �T > 175 K or for Al-45at.% Ni alloy in the

hole range of �T shown in Fig. 2 . 

Thus, the solution of Eqs. (1) - (11) , which includes the propa- 

ation of the solidification front due to the nucleation or growth 

f crystals, confirms the experimental results shown in Fig. 2 . The 

ata showing the decreasing velocity with increasing undercooling 

re due to the predominant nucleation of crystals. The data on the 

elocity, which increases with increasing undercooling, are due to 

he movement of the solidification front provided by the crystalline 

rowth. 

. Conclusions 

Solidification kinetics of four different Al-Ni alloy samples, 

articularly, of Al-25at.% Ni, Al-31.5at.% Ni, Al-40at.% Ni and Al- 

5at.% Ni alloys, processed in the Electromagnetic Levitation Fa- 

ility (EML) on the Ground, under reduced gravity (in parabolic 

ights and TEXUS sounding rockets) and in microgravity (in ISS 

 International Space Station) are critically analyzed. Analysis has 

een done in comparison with the previous results of Lengsdorf 

t al. on solidification kinetics [29] , data on crystal nucleation and 

etallographic findings presented in recent works [8,32] . 

Analysis of high-speed-camera digital videos allows us to clas- 

ify recalescence patterns at the surface of solidifying samples in 

ML as scales, spikes (or dendrites with sharp tips), stripes (or 

avy fronts), rough front, and flat (planar) front. These patterns re- 

roduce crystalline morphology changing as the undercooling and 

hemical composition change. Measured front velocities for these 

atterns are summarized in Fig. 2 by previously and newly ob- 

ained data on solidification kinetics of Al-rich Al-Ni alloys. Each 

f the kinetic curves “front velocity V - undercooling �T ” can be 

onditionally divided by the critical undercooling �T = �T ∗ into 

wo parts. Every part of the curve for each of the Al-Ni alloys is 

haracterized by its own recalescence pattern, i.e. by the particular 

rystal morphology in solidifying samples. This is clearly shown in 

he diagram of Fig. 12 . 

Characterizing the solidification behavior by recalescence pat- 

erns at the surface of solidifying samples and by final microstruc- 

ure in metallographic analysis, we prove that instead of “growth 

ront morphology” the high-speed videos reproduce the com- 

licated simultaneous processes of crystal nucleation and their 

rowth. These coupled processes are visible as the scales, spikes 

or dendrites with sharp tips), and stripes (wavy fronts) at small 

nd intermediate values of undercooling in solidifying Al-25at.% 

i, Al-31.5at.% Ni, and Al-40at.% Ni alloys at �T < �T ∗ in Fig. 12 .

oreover, in these alloys and at these undercoolings the solidifica- 

ion kinetics is given by the negative slope of the velocity V - un-

ercooling �T relationship, i.e. at d V/d (�T ) < 0 . Such anomalous

ehavior is forbidden by the crystal growth theory [27,30] proving 

xistence of the stable “front velocity V - undercooling �T ” rela- 

ionship only with its positive slope, d V/d (�T ) > 0 . By contrast, in-

ermediate and higher values of undercooling at �T > �T ∗ provide 

 preferable crystal growth with the positive slope, d V/d (�T ) > 0 ,

n Al-40at.% Ni alloy and in the whole range of measured under- 

ooling in the Al-45at.% Ni alloy, see Fig. 12 . 

The multiple nucleation events together with the crystal growth 

ay lead to the kinetic curves with d V/d (�T ) < 0 that is proved

y recalescence patterns and metallography analysis of the present 

ork together with the sequence of proves presented by Eqs. (1) - 

11) . As the experimental metallography analysis, the negative 

lope of the “front velocity V - undercooling �T ” curve is sug- 

ested to be a consequence of multiple nucleation events in the 
9 
icinity of previously formed nuclei that is proved by theoretical 

alculations based on the equations given in Section 4 . The calcu- 

ated velocity depends on the time due to the non-stationarity of 

he crystal nucleation process. The experimentally measured value 

f velocity is defined by the quasi-stationary process of solidifica- 

ion of the droplet. However, these two processes have been com- 

ined with interpreting of the downward and upward branches 

f the experimental velocity. The mathematical model ( Section 4 ) 

hows that there is a predominance of crystal nucleation, which 

lows down the movement of the crystallization front with in- 

reasing undercooling. However, in this model, there is a criti- 

al point (extremum point), beyond which crystal growth begins 

o dominate over nucleation, and the crystallization front veloc- 

ty begins to increase with increasing undercooling. Indeed, based 

n a theoretical model ( Section 4 ), Fig. 11 shows isochores for 

everal selected undercoolings. It is shown that the velocity de- 

reases and the undercooling increases for times τ1 < τ2 < τ3 (for 

very given initial undercooling compatible with the undercool- 

ng in Fig. 2 ). This behavior gives a downwards velocity branch, 

 V/d (�T ) < 0 , at relatively low initial values of undercooling. In

ontrast, the velocity increases with increasing undercooling for 

imes τ4 < τ5 < τ6 (for every given initial undercooling consistent 

ith the undercooling in Fig. 2 ). This behavior gives an upwards 

elocity branch, d V/d (�T ) > 0 , at relatively large initial values of

ndercooling. Thus, Fig. 2 (experimental data on the solidification 

elocity of undercooled droplets) becomes qualitatively explicable 

rom the standpoint of the analysis of Fig. 11 (theoretically calcu- 

ated crystallization velocity). 

As a prospective development of this work, one can interpret 

he nucleation front velocity in Al-rich Al-Ni alloys which solidify 

ith the negative temperature gradient ahead of the solid-liquid 

nterface. In particular, computational modeling may clarify why 

he nucleation does not develop ahead of the solid-liquid front (i.e. 

n bulk liquid) despite a larger driving force. It should be addition- 

lly noted that even the mesoscopic mechanism of changes of the 

elocity curves from 31.5-at%Ni to 40at%Ni is not completely clari- 

ed so far. In this case, we observed that only several Ni percents 

ead to the change of the velocity curve from its completely down- 

ard slope ( Fig. 2 (b) where d V/d (�T ) < 0 ) to the upward slope

 Fig. 2 (c) where d V/d (�T ) < 0 changes to d V/d (�T ) > 0 ). Indeed,

s is discussed and analyzed in [54,55] , multiphase solidification 

ehavior given by the formation of peritectic structure, eutectics, 

nd intermetallics can be rather complex in the aluminum-rich re- 

ion of the Al-Ni alloy especially dependent on the total under- 

ooling prior to nucleation and growth of leading crystal pattern. 

n this context, the competition between volumetric undercooling 

or nucleation and crystal-liquid interface undercooling for growth 

lays a crucial role in the change of the velocity curve slopes. Par- 

icularly, the change of overall crystal-liquid interface undercool- 

ng, which depends on the change of several kinetic processes such 

s disorder trapping, solute drag, and its redistribution with non- 

quilibrium trapping would be expected with changing the nom- 

nal alloy’s composition [55] . Therefore, detailed computations of 

he undercooling contributions for various compositions and their 

ole in nucleation-growth processes are seen as the further devel- 

pment of the current work. 
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ncrease with the increase of driving force on transformation (un- 

ercooling). However, we present clear proof that crystallization ki- 

etics is mainly defined not by the growth but by the nucleation of 

rystals ahead of the solidification front. The developed theoretical 

odel confirms the existence of the decreasing of the crystalliza- 

ion velocity with the increase of undercooling. 

We believe that the experimental results (obtained in micro- 
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hat the manuscript can be considered for publication. 
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