
Vol.:(0123456789)

SN Applied Sciences (2021) 3:219 | https://doi.org/10.1007/s42452-021-04228-w

Research Article

Morphological transition of silicate crystals solidified from highly 
undercooled aerodynamically levitated melt droplets

Ganesh Shete1 · Shyamprasad Karagadde1 · Atul Srivastava1

Received: 15 July 2020 / Accepted: 15 January 2021 / Published online: 27 January 2021 
© The Author(s) 2021  OPEN

Abstract
The present work reports the morphological transition during solidification of a non-metallic system. Pure magnesium 
silicate  (Mg2SiO4) is chosen as the model material and the solidification experiments have been conducted under purely 
non-contact conditions using the principles of aerodynamic levitation. The influence of the undercooling and cooling 
rates on the surface features observed in the solidified samples is investigated. Levitation experiments have been per-
formed for different samples, which are solidified for a range of undercooling levels between 360 to 1100° C. In order to 
understand and report the morphological transitions, solidified samples have been observed using scanning electron 
microscopy, which showed the formation of highly branched faceted microstructure for an undercooling regime of 
360–800° C, and non-dendritic microstructure for even higher undercooling regime of 800–1100° C. Further experiments 
performed on this non-metallic system for different cooling rates also suggested that, regardless of the cooling rate, 
lower undercooling leads to branched faceted features, whereas higher undercooling results into unbranched facets. The 
methodology and instrumentation provide unique capabilities to probe the behavior of materials at high temperatures.

Keywords Solidification · Container-less conditions · Aerodynamic levitation · Non-metallic systems · Morphological 
transition

1 Introduction

The phenomenon of solidification from high-tempera-
ture melts holds importance in a range of scientific and 
technological applications. The spectrum of applications 
encompasses industrial sectors (such as turbine blades, 
high power lasers, electronic equipment), engineering 
(material science, etc.) and applied sciences (geophysics, 
earth and planetary sciences etc.). The morphology of the 
microstructure of metals, alloys, semiconductor materi-
als depends heavily on thermal parameters such as bulk 
undercooling and cooling rate. Considering the inherent 
advantages associated with experiments under container-
less conditions, various techniques such as electromag-
netic levitation (EML), electrostatic levitation (ESL) and 

aero-acoustic levitation have been adopted to study the 
high-temperature solidification phenomena at relatively 
higher levels of undercooling. However, such levitation 
techniques are limited by the nature of the material. The 
application of EML to study the morphological transition 
of metallic [1, 2] and semiconductor systems [3, 4] at differ-
ent levels of undercooling can be seen in the open litera-
ture. Despite the presence of aforementioned literature on 
several metallic systems, the efforts made towards under-
standing the morphological transition of non-metallic sys-
tems under container-less conditions are rather limited. 
One of the primary motivations of performing such non-
contact experiments on non-metallic systems (primarily 
on magnesium silicates) has been their relevance in the 
area of earth and planetary science. Magnesium silicate 

 * Atul Srivastava, atulsr@iitb.ac.in; atuldotcom@gmail.com | 1Department of Mechanical Engineering, Indian Institute of Technology 
Bombay, Powai, Mumbai 400076, India.

http://crossmark.crossref.org/dialog/?doi=10.1007/s42452-021-04228-w&domain=pdf


Vol:.(1234567890)

Research Article SN Applied Sciences (2021) 3:219 | https://doi.org/10.1007/s42452-021-04228-w

(in crystalline as well as in amorphous state) has been 
found to be one of the major compositional constituents 
of meteorites (chondrules) [5, 6]. Chondrules are the main 
components of natural meteorites, and hence are consid-
ered to carry important information about the plausible 
formation conditions of the early solar system [7]. Being 
spherical in shape (diameter ≈ 1 mm), the chondrules are 
believed to be formed as a result of the high temperature 
crystallization process of magnesium silicate material 
under freely floating conditions [8]. Both contact as well 
as contact-less experimental configurations have been 
attempted in the past.

The conventionally-employed sample holding tech-
niques limit the amount of undercooling that can be 
achieved during experiments due to the presence of an 
immediate nucleation site offered by the sample holder. 
For instance, the sample holding technique-based experi-
mental study investigating the surface features of Olivine 
as the non-metallic system was limited to an undercool-
ing level of 400 °C. Karina et al. [12] presented the melting 
of olivine samples by means of  CO2 laser and obtained 
textures such as barred olivine, olivine and pyroxene por-
phyritic chondrules of ordinary chondrites. Faure et al. 
[13] performed high-temperature crystallization experi-
ments with sample holder technique, which offered 
heterogeneous condition at various undercoolings and 
cooling rates. Gucsik et al. [14] investigated cathodolu-
minescence microcharacterization of forsterite, which 
was grown with undercooling levels between 50–400 °C 
and found texture such as star-type feature, dendritic 
feature. Nicollet et al. [15] performed dynamic crystalliza-
tion experiments and showed that the polyhedral olivine 
shape progressively changes to a skeletal and then to a 
dendritic morphology. Faure et al. [16] performed experi-
ments to obtain thin dendrites at relatively lower under-
cooling of (156 < ΔT < 356 °C) and cooling rates as low as 
1890 °C/h. These studies available in the literature show 
that the importance of developing an understanding of 
the morphological transitions of non-metallic systems (for 
instance, forsterite) has been realized by various research-
ers. However, the levels of undercooling achieved/realized 
in these reported experimental studies have primarily 
been restricted to relatively low values i.e. till~ 400 °C and 
not beyond. This limitation arises due to the direct con-
tact of the molten material with an external surface that 
acts as the site of heterogeneous nucleation. Possibly, to 
overcome such limitations, the idea of performing such 
experiments under completely non-contact conditions has 
attracted the attention of the researchers in recent years.

In the context of experiments under non-contact con-
ditions with non-metallic systems, for instance, magne-
sium silicate, a select group of researchers have made 
use of the concept of gas jet levitation. In this direction, 

Srivastava et al. [9] performed crystallization experiments 
on forsterite under container-less conditions for different 
undercooling levels ranging up to 400 °C. Pack et al. [10] 
aerodynamically levitated and heated oxides and silicates 
at high temperatures to prepare the samples for micro-
chemical analyses and also for evaporation and reduction 
experiments. Beitz et al. [11] developed an experimental 
setup having levitation nozzle to test the hypothesis that 
accretionary rims around chondrules were formed in the 
solar nebula by the accretion of dust on the surfaces of hot 
chondrules while levitated with the inert gas flow at room 
temperature 20 °C and at 1100 °C.

It is pertinent to note here that while the levitation 
based experimental studies are highly scarce, some 
attempts have indeed been made through numerical sim-
ulations by a select group of researchers. Recently, numeri-
cal simulations carried out for forsterite at various values of 
undercooling between 200–600 °C have revealed various 
morphological features such as dendritic structure, rim like 
structure, dendrites with rim structure and parallel den-
drites structure [17, 18]. However, with these simulations, 
the capture of both dendritic and faceted morphologies 
is very challenging, and also need real-time experimental 
validation. A critical examination of these observational 
and theoretical studies performed on non-metallic sys-
tems shows that, the primary interest of the researchers 
has been to produce the morphological textures of solidi-
fied samples that bear similarities with the textures found 
in natural samples of chondrules. However, detailed analy-
sis of the surface features with a focus on the morphologi-
cal transitions, as a function of operating parameters such 
as level of relatively higher undercooling and relatively 
higher cooling rates (as compared to available literature), 
especially under non-contact conditions, has not been 
adequately addressed in the available literature.

The present work is an attempt towards bridging such 
research gaps and develop an understanding of the phe-
nomenon of crystallization of high-temperature melt droplet 
with a focus on morphological transitions for a range of bulk 
undercooling (as high as 1100 °C) and cooling rates under 
non-contact conditions. The cooling rates that the samples 
have been subjected to in the present study are significantly 
higher than those employed in the previous experimental 
works reported by other researchers in this field. The non-
contact conditions have been achieved by aerodynamically 
levitating the molten drops of magnesium silicate. The levi-
tation technique suppresses the chances of heterogeneous 
nucleation and allows the realization of relatively higher lev-
els of undercooling than the levels that can be achieved with 
the sample holding technique. High-temperature solidifica-
tion experiments have been performed for various under-
cooling levels and cooling rates. Surface feature characteri-
zation of the solidified samples, obtained as a function of 
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these process parameters, has been carried out using scan-
ning electron microscopy (SEM). A regime map depicting 
the morphological transitions of the solidified samples as 
a function of level of undercooling is presented for the first 
time in the current work.

The present manuscript is divided into 4 sections: Sect. 1 
introduced the physical phenomena under study along with 
a discussion on some of the important works reported in 
the open literature. Based on the literature covered, moti-
vation and objectives of the present research have been 
highlighted in this section. Details of experimental meth-
odology, materials and methods etc. have been presented 
in Sect. 2. Primary findings of the work have been reported 
in Sect. 3 wherein the plausible role(s) of process parameters 
such as deep undercooling levels and cooling rates during 
morphological transitions of solidifying samples have been 
discussed. The manuscript is concluded in Sect. 4 wherein 
major conclusions of the present study have been drawn 
and its future prospects have been briefly discussed.

2  Experimental setup

2.1  Levitator setup

Non-contact solidification experiments on magnesium 
silicate spherules of ≈ 2–3 mm in diameter were per-
formed using the principle of aerodynamic levitation 
of these samples. The levitation system makes use of 
an inert gas (Argon) to levitate the sample during the 
course of experimental run time. A schematic diagram 
of the complete experimental facility is shown in Fig. 1a. 
Synrad i401 high power continuous wave  CO2 laser (A) 
(maximum power = 400 W and wavelength = 10.6 µm) is 
employed as the heating source to raise the tempera-
ture of the sample and convert it into its molten state 
while keeping the sample under levitating condition. 
The laser beam is steered by a molybdenum mirror (C) 
and focused by lens assembly to strike on the target 

Fig. 1  a Schematic of the complete levitation setup showing the 
important devices. A-Laser power supply (Synrad i401), B-Laser 
head, C-Mirror, D-Lens assembly, E-Laser beam focusing screws, 
F-Pyrometer ports, G-Process chamber, H-Nozzle, I-Optical ports, 

J-Gas ports, K-Cooling water ports. L-Zn-Se window, M- Forster-
ite (Mg2SiO4) sample. b Schematic diagram showing the method 
of preparation of silicate spherules, consisting of a copper block 
hearth
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(magnesium silicate sample) that is levitated inside the 
levitator chamber. The mirrors have alignment screws 
(E) for fine-tuning the path of the laser beam inside the 
chamber and the lens (D) helps to focus the beam at the 
desired point. This assembly is crucial in controlling the 
temperature of the molten droplet during experiments. 
The process chamber (G) (shown in Fig. 1a) comprises of 
a vessel which has a cylindrical bottom and a conical top 
part. The cone is connected to a cylindrical tube on the 
top that connects to the laser beamline.

The whole system starting from the laser beam stirring 
arrangement to the cylindrical tube connected to the 
process chamber together constitutes an enclosed beam 
delivery system. The levitation is carried out by letting the 
Argon gas flow through a conical nozzle (H). This nozzle 
is fixed on a base (as shown in Fig. 1a), which has a gas 
inlet (J) that allows two gases, if required, to flow through 
the nozzle at a specific ratio (set by a controller). Also, the 
base has got a liquid cooling system (K) that maintains 
the inlet gas at a set temperature. This same cooling sys-
tem also cools the levitation chamber. The complete unit 
of the levitation gas flow, cooling temperature and the 
output of the laser is controlled by a computer integrated 
with the setup. The solidification phenomenon has been 
captured, in real-time, using a CMOS-based color cam-
era (Model: BFLY-U3-23S6C). Videographic images were 
recorded at a frame rate of 30 fps and a spatial pixel reso-
lution of 572 × 584 (with 1 pixel being equal to 5.86 µm). 
Under standard conditions, the camera can operate at 41 
fps at a maximum pixel resolution of 1920 × 1200.

2.2  Materials and methods

Pure forsterite  (Mg2SiO4) has been used as the non-metallic 
model system as the starting material in the present exper-
iments.1 Silicate solid spherules of diameters ~ 2–3 mm are 
prepared in a laser hearth equipped with the experimental 
facility, and used as sample material, as shown in Fig. 1b. 
In this, the  CO2 laser strikes the silicate powder and heats 
this powder above its melting point. The moment when 
powder transforms into a completely molten state, it is 
allowed to cool down by switching off the laser power 
and subsequently, due to surface tension forces, the 
sample acquires spherical shape in the circular groove 
(approximately of 4 mm diameter) created on the copper 
block (Fig. 1b). Samples are heated by focused radiation 

of continuous-wave  CO2 laser (Firestar i400, λ = 10.6 µm 
and spot size = 1 mm, maximum power output of 400 W), 
which has been integrated with the system. Consider-
ing the various heat transfer processes associated with 
the phenomena, a physical estimate of the total thermal 
energy required to convert the initially solid spherule into 
its complete molten state can be made. For the experi-
ments reported, the total thermal power required for melt-
ing the forsterite samples was found to be close to 80 W. 
Factoring some of the other unavoidable losses of laser 
power (for instance, any loss in the optics-based beam 
guiding unit etc.), the net laser power deposited on the 
sample was kept slightly higher than the above mentioned 
physical estimate. Mass flow controllers are used to deliver 
gases to the levitation nozzle, and use of these mass flow 
controllers enables the production of a gas mixture over 
a range of 1–100% of gases at different flow rates. Sample 
temperature is measured by Chino IR-CAS optical pyrome-
ter that operates near infrared wavelength (about 0.9 µm). 
The default acquisition rate of pyrometer is 10 Hz. This 
pyrometer is mounted on a gimbal and can be manually 
aligned and focused before the start of the experiment. 
The levitator has a built-in computer-controlled gas flow 
system. This system uses two 2000 SCCM flow meters and 
one 50 SCCM flow meter. These flow meters are configured 
to allow metering of single and two gas mixtures in ratio 
up to 100:1 of any two gases. A 90° opening angle nozzle 
has been employed to stably levitate the sample during 
its molten state.

After finishing the solidification experiments, SEM 
analysis of resultant crystallization structures of forsterite 
samples has been carried out using the JEOL 7600 SEM. In 
view of the fact that forsterite is electrically non-conduc-
tive, as part of sample preparation for SEM analysis, a thin 
gold–palladium coating has been applied on the sample 
in a vacuum chamber to reduce charging by creating a 
conductive surface. Images were acquired at 15 kV, 30 nA, 
with a 90 μm aperture for microscopic observation of sur-
face features. The images were taken at different magnifi-
cations to observe various features.

3  Results and discussion

Figure 2a shows the temperature-time history of the solidi-
fying sample as it is allowed to cool down from its initial 
molten state, while being maintained under container-less 
conditions. The snapshots of the image sequence recorded 
during the transient process have also been shown at vari-
ous important stages of the solidification process. At any 
given instant, the molten droplet can be clearly seen levi-
tating under purely non-contact conditions (see Fig. 2b). It 
is to be mentioned that the solid spherule was converted 

1 Crystallinity of the sample was ascertained by carrying out XRD 
analysis of the initial samples and was confirmed to be of forster-
ite composition. All of the reflections of the XRD pattern could be 
indexed to display the existence of a pure orthorhombic phase of 
forsterite  (Mg2SiO4). Other phases such as enstatite were below the 
limit of detection or absent.
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into a molten droplet by raising its temperature much 
above its melting point temperature (≈1890 °C) using the 
focused radiation of continuous-wave 400 W  CO2 laser 
(λ = 10.6 µm and spot size = 1 mm). As shown in Fig. 2a, 
the heating conditions were maintained for a consider-
ably longer period of time so as to ensure a uniform and 
complete melting of the entire solid spherule (In Fig. 2a, 
t = 0 corresponds to an arbitrary time instant just after 
which the cooling of the molten droplet was initiated). In 
order to initiate the solidification phenomenon, the laser 
power is reduced (either turned off to achieve quenching 
of the molten droplet and/or provide a well-defined cool-
ing rate). As can be seen from the figure, the initial tem-
perature of the spherule is close to 2000° C, thereafter, it is 
allowed to cool down. In view of the fact that the molten 
droplet has been maintained under non-contact condi-
tions, an undercooling (ΔT) range as high as ≈ 1100° C 
could be achieved before the molten material started to 
crystallize. It was observed that the crystallization of the 
molten material starts at temperatures close to ≈ 800° C 

(see Fig. 2a Point II). The onset of crystallization is accom-
panied by a sudden change in the temperature of the 
molten material due to the release of the latent heat of 
crystallization. The signature of the release of latent heat 
of crystallization (also known as recalescence) can clearly 
be seen from the cooling curve shown in Fig. 2a, wherein 
a sharp peak (from point II to III) in the temperature pro-
file is evident at the time instant that corresponds to the 
start of the crystallization process. Once the heat released 
during the period of recalescence gets dissipated and/or 
distributed throughout the volume of the molten droplet, 
the temperature follows a well-defined cooling rate till the 
crystallization process gets completed (point IV).

It is worth clarifying here that in contrast to the con-
ventional approach wherein the nucleation is heteroge-
neously initiated (for instance, by deliberately allowing 
the sample to come in contact with an external surface 
at any given temperature below the liquidus tempera-
ture of the sample), the undercooling levels achieved 
in the present set of experiments, conducted in purely 

Fig. 2  a Cooling curve of the droplet images for different tempera-
tures. (From point I to II) In order to initiate the crystallization phe-
nomenon, the laser power is reduced (either turned off to achieve 
quenching of the molten droplet and/or provided a well-defined 
cooling rate). (From point II to III) Recalescence can clearly be seen 
wherein a sharp peak in the temperature profile is evident at the 
time instant that corresponds to the start of the crystallization pro-
cess. (From point III to IV) Thereafter, it is allowed to cool down. b 

Representative schematic of levitator system where 1, 2, 3 and 4 
respectively indicate the levitating forsterite sample, nozzle body, 
Argon gas flow and CO2 laser beam direction. The zoomed-in view 
in b shows one of the instantaneous videographic images of the 
levitated molten droplet. It can be seen that the molten spherule is 
under non-contact conditions and does not touch the surrounding 
nozzle surface
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container-less conditions, are primarily governed by the 
stochastic nature of the nucleation phenomena. For these 
reasons, multiple number of experiments, covering a large 
range of undercooling levels spanning from ~ 360 °C (near 
theoretical hypercooling limit of forsterite) to 1100 °C, 
were performed on a large set of specimens, all of which 
were prepared from the same starting powder and follow-
ing the same preparation methodology. For the major-
ity of experiments, the undercooling levels achieved in 
the present work are well above the hypercooling limit 
(ΔThyp = ΔHf/Cp where, ΔHf is the enthalpy of crystallization 
and Cp is the specific heat of liquid). The value of hyper-
cooling limit ΔThyp for forsterite melt is close to 425 °C [6, 
17]. The solidification process is known to change abruptly 
beyond this limit [17, 18]. When ΔT < ΔThyp, small amount 
of liquid fraction will be available even after recalescence 
since the temperature approaches the melting point at 
the end of solidification (due to the release of latent heat 
of crystallization). This liquid is solidified after the recales-
cence is over and such a process is generally referred to 
as the filling-in process [17]. However, when ΔT > ΔThyp (as 
considered for the present study), the temperature of the 
melt droplet neither exceeds nor approaches the melt-
ing point temperature at the end of recalescence. To the 
best of our knowledge, experimental works concerned 
with understanding the solidification phenomena and 
the associated morphological transitions of such deeply 
undercooled (with undercooling levels higher than the 
hypercooled limit) forsterite molten droplets are highly 
scarce in the open literature, which, in turn, emphasizes 
the importance and novelty of the present work.

It is pertinent to mention here that the undercooling 
levels reported in the present work correspond to those 
experimental runs that showed maximum repeatability. 
Furthermore, repeated experiments on the same droplet 
showed more or less the same undercooling on a consist-
ent basis until its size remained large enough to be suc-
cessfully levitated, as the sample exhibited some evapo-
rative mass loss in every experiment. In order to ascertain 
that the evaporative losses of composition at such ele-
vated temperatures were not very significant, necessary 
tests such as XRD analysis, checking the size of the solidi-
fied samples etc. were performed after every experimenta-
tion. In particular, the XRD analysis ruled out the presence 
of any extra phase in the solidified samples. Other tests 
also confirmed that mass (composition) changes of the 
samples due to evaporative losses were negligible.

3.1  Observations of surface features at varying 
levels of undercooling

In the present work, the aerodynamic levitation of forst-
erite samples enabled the measured undercooling levels 

up to 1100 °C (Fig. 2). Figure 3 shows clear demarcations 
between different cooling curves in which the onset of 
nucleation occurs at different temperatures. Hence, each 
of these cooling curves marks a different undercooling 
value, thus allowing an investigation of a range of surface 
features. It is to be noted from the figure that the recales-
cence temperature peak varies as the level of undercool-
ing is varied in the experiments. These observations find 
support in the works of Xu et al. [24] and Shukla et al. 
[25] wherein the authors reported that the recalescence 
is altered when the levels of undercooling are changed. 
The concerned literature suggests that the recalescence 
does vary (including significant changes in the thermo-
physical properties of the sample2), and this appears to 
be quite amplified in the present study due to the nature 
of extreme undercooling levels.

Figure 4 shows the details of the surface features of the 
forsterite spherule after the completion of the crystalliza-
tion process. The undercooling achieved in this case is 
626 °C. The surface shows presence of faceted branching 
of the solidification morphology (Fig. 4a). This is further 

Fig. 3  Cooling curves for different levels of undercooling

2 Literature suggests that when the level of undercooling 
approaches or exceeds the hypercooling limit, the change in the 
enthalpy of fusion is modified as ΔHf = Cp

L(Tm-Thyp) where Cp
L is 

the temperature dependent specific heat, ΔHf is the latent heat 
of fusion, Tm is the melting temperature and Thyp is the hypercool-
ing temperature [26]. The specific heat is also expected to increase 
(almost double) as the undercooled levels rise [27]. Thus, as has 
also been discussed by Perepezko [28], the analysis of crystalliza-
tion of highly undercooled melts is highly challenging owing to the 
difficulties in obtaining the experimental kinetic and thermody-
namic data.
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confirmed by examining at a much higher magnification 
(Fig. 4b, c). It is to be mentioned here that, in addition to 
surface features, SEM analyses of thin section of the solidi-
fied samples were also carried out. These observations 
were found to be in good agreement with surface mor-
phologies of the solidified samples.

In Fig. 5a, the solidified spherules at undercooling of 
770 °C are shown, in which one can distinctly observe 

some major dendrite trunks (A and B) with overgrowth 
of secondary dendrite arms (region ‘C’ in Fig. 5a). All these 
major primary arms emanate from a point P and propa-
gate randomly in various directions. Expanded view of 
this C region (Fig. 5b) also shows how crystals of thickness 

Fig. 4  SEM images of a solidified spherule for undercooling ΔT = 626 °C showing faceted features, b Enlarged view of square box in Fig. 4a, c 
Enlarged view of square box in Fig. 4b showing faceted features

Fig. 5  SEM images showing a dendritic morphology at undercooling of 770 °C. b Enlarged view of square box in Fig. 5a. c Enlarged view of 
square box in Fig. 5b where at first glance square in the Fig. c shows shrinkage void
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restricted to a few microns, act as the secondary arm of 
dendrite. When the same is zoomed, voids due to the 
shrinkage of the material can be clearly seen from Fig. 5c. 
The SEM observations performed on the external surface 
of the solidified samples provide possible signatures of the 
highly branched dendritic microstructure that are in good 
agreement with those reported in the literature, wherein 
similar experiments performed with samples supported 
through contact3 by Faure et al. [19].

When even higher levels of undercooling were 
achieved, a morphological difference became evident. 
The solidified spherule in Fig. 6a, which corresponds to 

an undercooling level of ∆T ≈ 970 °C, does not show any 
clear indication of branched morphology as that of Fig. 4a 
or Fig. 5a. The physical mechanism which leads to the 
morphological transition from faceted dendrites at lower 
undercooling to non-dendritic features at high undercool-
ing has not been fully understood. Yet, the mechanism of 
formation of such unbranched features for significantly 
higher undercooling can be understood from nuclea-
tion and growth processes. For higher undercooling, 
large number of nuclei are formed. Therefore, these large 
undercooling values also results in higher nucleation rates. 
Hence after sufficient enlargement, large number of fac-
eted features can be partially seen from Fig. 6b and upon 
further enlarging, faceted features can be completely rec-
ognized from Fig. 6c.

The morphological features seen in Fig. 7 are com-
pletely different from those obtained in Fig. 4a or Fig. 5a 
(in which faceted dendrites were to be seen) suggest-
ing the possibility of homogeneous nucleation. Here 

Fig. 6  SEM image of a solidified spherule for undercooling ΔT = 970 °C. b Enlarged view of square box in Fig. 6a. c Enlarged view of square 
box in Fig. 6c showing faceted features

Fig. 7  SEM images of a solidified spherule for undercooling ΔT = 1080 °C b Enlarged view of square box in Fig. 7a, c Enlarged view of square 
box in Fig. 7b

3 As per the available literature, such techniques make use of an 
external solid substrate, or a wire loop (made of platinum/iridium), 
on which the sample is placed, hence is in contact with the sample 
holder [6].
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nucleation appears to have been taken place at a large 
number of sites, which eventually resulted in a strikingly 
even distribution of fine features, which are consistently 
about 10 µm in size, subjected to the maximum levels 
of undercooling that could be achieved in the experi-
ments reported (shown in the Fig. 7). This maximum level 
of undercooling corresponds to ∆T ≈ 1080 °C. It is to be 
mentioned that slight variations in heating and cooling 

rates, the flow rate of the levitation gas, could have also 
resulted in slight variation in the values of undercool-
ing. More importantly, in comparison to the above, the 
vast difference in the nature of features observed for the 
relatively lower undercooling values indicate that the 
nucleation rate drastically changes when a threshold 
undercooling limit is exceeded.

Fig. 8  Morphological transition of magnesium silicate for various levels of undercooling
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3.2  Regime map

Figure 8 depicts the morphological transition of magne-
sium silicate with varying levels of undercooling employed 
for solidifying the molten droplets. The range of under-
cooling (ΔT) obtained in the experiments is between 360 
to 1100 °C. Based on the SEM observations of these solidi-
fied samples as presented above, the morphological tran-
sition can be broadly classified into two major regimes on 
the basis of the level of undercooling:

1. Branched faceted regime between undercooling (ΔT) 
of 360 and 800 °C

2. Unbranched faceted regime above the undercooling 
(ΔT) of 800 °C.

These distinct regimes have been presented in Fig. 8. 
The change in undercooling levels indicates that there is 
a significant morphological transition. With reference to 
Fig. 8, Regime I shows branched faceted features, which 
lies between undercooling (ΔT) level of 360 and 800 °C. 
It should be noted here that, within the experimental 
uncertainties associated with the measurement of the 
instantaneous temperature of the solidifying sample, the 
lowest level of undercooling that could be achieved in 
the present set of experiments is somewhat closer to 
the theoretical value of hypercooling limit of pure forst-
erite sample (ΔT = 425 °C). The regimes (1 and 2 as listed 
above) also suggest the existence of an abrupt change 
in the crystallization kinetics, when large levels of under-
cooling (> ~ 800 °C) are achieved i.e. when the crystalliza-
tion takes place at absolute temperatures that are lesser 
than ~ 1100 °C. The realization of branched faceted fea-
tures in this regime also suggests the possibility of het-
erogeneous nucleation even after the fact that the solidi-
fying sample is maintained under levitated condition. 

The possible sources of heterogeneous nucleation may 
be the presence of impurities and/or the left-over par-
tially melted micron-sized silicate particles in the other-
wise molten droplet of the sample volume. Possibility 
of such factors that lead to the onset of heterogeneous 
nucleation in experiments conducted under non-contact 
conditions has also been discussed in the works reported 
by Nagashima et al. [6] in the context of chondrule crys-
tallization and forsterite  (Mg2SiO4)-based crystalliza-
tion experiments. However, further investigation of the 
presence of any small nucleating site is needed, as the 
heterogeneous nucleation is generally very unlikely to 
occur at such undercooling values, particularly beyond 
the hypercooling limit.

Regime II corresponds to the realization of non-den-
dritic features obtained as a result of solidification phe-
nomenon above an undercooling (ΔT) level of 800 °C. 
The morphological features seen in Regime II are com-
pletely different from those obtained in Regime I (in 
which faceted dendrites were to be seen) suggesting 
the possibility of homogeneous nucleation.

Further investigations have been performed to con-
firm the inner features of the solidified spherules. The 
spherules have been cut approximately at its mid-plane, 
and the SEM image of the same (sectioned samples) is 
shown in Fig. 9a for regime-I. Sufficient magnification 
clearly shows the branching of the features in Fig. 9b, c 
A difference in the extent of branching is likely to exist as 
the cooling rates would vary from the surface to internal 
locations.

When the samples from regime-II were examined for 
internal features, no branched structures were observed 
(see Fig. 10a). The marked square in Fig. 10a is enlarged 
in Fig. 10b which showed a cluster of facets. With fur-
ther enhancement in magnification of the square box in 
Fig. 10b, edges of a facet can be noticed (see Fig. 10c). It 

Fig. 9  SEM images of a sample frozen in the low undercooling regime b Enlarged view of square box in Fig. 9a, c Enlarged view of square 
box in Fig. 9b showing faceted features for low undercooling regime
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is evident from this figure that only faceted features have 
been found in this regime as compared to the branched 
features of the low undercooling regime. It has been 
found that features which are observed inside the solidi-
fied spherules for both low undercooling as well as the 
high undercooling regimes are in good agreement with 
outside surface features.

3.3  Observations of surface features at various 
levels of cooling rate

Cooling rate is one of the important parameters affect-
ing the morphological (as well as compositional) features 
of the solidified samples. For instance, in the context of 
planetary science, one of the theories widely floated in 

Fig. 10  SEM images of a sample frozen in the high undercooling regime b Enlarged view of square box in Fig. 10a, c Enlarged view of square 
box in Fig. 10b showing faceted features for high undercooling regime

Fig. 11  SEM images for cooling 
rates of 30, 100 and 180 °C/s 
and its undercooling 1012, 
1028 and 1133 °C respectively 
for figures starting from a–c. 
For the level maximum under-
cooling achieved, (1133 °C), 
the sample displays extremely 
fine microstructures c as com-
pared to other two microstruc-
tures shown in (a) and (b)
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the literature indicates towards the possibility of chon-
drule crystallization as a result of slow cooling rates that 
vary between ~ 10–1000 °C/h [20, 21]. However, in these 
reported studies, the chondrule crystallization experi-
ments were carried out using electric furnaces, which 
limit the realization of extremely high cooling rates in 
the order of (~ 100 °C/s), as recommended by astrophysi-
cal models [22] in the context of chondrule crystalliza-
tion phenomenon. In this context, the present experi-
mental methodology becomes important as varying 
levels of cooling rates can be achieved by controlling the 
output power of the  CO2 laser. This section discusses the 
morphological transition of forsterite samples  (Mg2SiO4) 
as a function of the cooling rates (30, 100 and 180 °C/s).

From the SEM images shown in Fig.  11a, b, c, one 
can observe that the microstructures tend to become 
finer with increasing cooling rates, irrespective of the 
level of undercooling employed in the experiments. It 
can also be seen from Fig. 12, that there is no significant 
effect on the undercooling even though the cooling 
rate employed to the solidified sample is increased. On 
the other hand, the maximum undercooling (1133 °C) 
achieved at the highest level of cooling rate employed 
(180 °C/s) in the experiments leads to the realization of 
extremely fine microstructures compared to the other 
two microstructures shown in Fig. 11a, b. The realization 

of very fine microstructures at higher levels of cooling 
rates is attributed to the rapid advancement (move-
ment) of the solid–liquid interface as the cooling rate 
is increased, which has been well documented in the 
literature. These observations also imply that both 
undercooling, as well as cooling rates, have affected the 
microstructures significantly, while Tsuchiyama et al. [23] 
suggested that the cooling rate may affect the transition 
in microstructure but is subordinate to compositional 
effect (It is to be noted here that experiments reported 
by Tsuchiyama et al. [23] were performed for relatively 
lower cooling rates).

3.3.1  Discussion on SDAS (secondary dendrite arm 
spacing)

Study of surface features obtained in Regime I can be fur-
ther extended to determine the secondary dendrite arm 
spacing. In Fig. 13a, b, representative images of dendrite 
structure containing primary and secondary arms have 
been shown. These representative images reflect slightly 
uneven spacing between secondary dendrite arms. For 
this reason, as a first-hand approximation, average value 
of these different values of SDAS (secondary dendrite arm 
spacing) has been considered. The structural results pre-
sented in Fig. 13c show that the secondary dendrite arm 
spacing (SDAS) decreases almost in a linear manner with 
increasing cooling rate. The observed trend may be attrib-
uted to the ease with which the heat from the surface of 
the solidifying sample gets dissipated at higher levels of 
cooling rate.

4  Conclusions

Solidification experiments under non-contact conditions 
were performed for investigating the morphological tran-
sition of non-metallic systems (forsterite spherules as the 
model material) at various undercooling levels and cooling 
rates. The solidified spherules were examined for observ-
ing surface feature morphology and quantification using 
SEM technique. Depending on the level of undercooling 
employed, the experimental findings revealed the exist-
ence of two broad regimes of microstructure formation 
and the resulting feature morphologies. For relatively 
lower undercooling regime (between 360–800° C), highly 
branched faceted features were observed, whereas for 

Fig. 12  Cooling curves for experiments conducted at different 
cooling rates
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much higher undercooling values i.e. above 800° C, ultra-
fine unbranched faceted structures were to be seen. The 
nature of consistent unbranched morphological features 
for the regime-II strongly suggests the existence of a large 
nucleation rate. The experiments revealed, a new observa-
tion of morphological transition at extremely high under-
cooling limits which have never been explored before. 
Further, the feature sizes showed dependence on the 
cooling rate, but interestingly, the observed regimes were 
largely unaffected by the changes in the cooling rates. 
More detailed studies are required to carefully explore the 
mechanisms of nucleation beyond the hypercooling limit.
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