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Irregularly shaped aluminum oxide particles were plasma atomized resulting in narrow size range dis-
tribution of spherical nanostructured powders. Cooling rates, on the order of 106 to 108 K/s, were
obtained from the different quenching medias, viz. air, water, and liquid nitrogen. Plasma-engineered
powder particles developed nanosize crystallites, while solidification provided insight into the mor-
phological feasibility in refinement of grain size. X-ray diffraction (XRD) methods have been used
to quantify the crystallite size obtained with different quenching media. Raman peak shift validated
the X-ray analysis in anticipating the grain refinement with increasing cooling rates. Salient struc-
tural morphology characteristics and a detailed understanding of spheroidized plasma-sprayed alu-
mina powders were analyzed through scanning electron microscopy (SEM) studies. Formation of
nanograins, novel metastable phases, and amorphous structure were endorsed by transmission elec-
tron microscopy (TEM) investigations.

I. INTRODUCTION

NANOSTRUCTURED materials exhibit superior prop-
erties such as excellent strength, toughness, and hardness,
as obvious from the presence of refined grains.[1] The nano-
structured coatings/structures experience superior and novel
properties; thus, the importance of achieving such tremen-
dous improvement in performance cannot be neglected by
researchers. Plasma spraying is one of the methods used to
form nanocomposite structure, but it must overcome obstruct-
ing and difficult processing challenges.[2–6] The first chal-
lenge is that the low mass and poor flow characteristics
restrict the smooth flow of individual nanoparticles in the
spray nozzle during thermal spraying.[2] In addition, nano-
sized powders tend to agglomerate and form clogs in the
plasma gun nozzle, hindering the smoothness of the flow
and thereby imparting nonuniform coating. The other chal-
lenge is to retain the nanograins in the powder because grains
coarsen, experiencing the high temperatures in the plasma
flame. Several techniques are being developed to get
nanocoating/composites by plasma such as employment of
spray dried agglomerates of nanopowders, blending and
spraying of bimodal powders with controlled plasma para-
meters, explosion of loose nanoagglomerates in plasma
flame, etc.[2–6] In this study, we are trying to modify the
feedstock powder by two ways simultaneously, viz. spher-
oidization and nanocrystallization/grain refinement of spray
particles. It is anticipated that synthesis of nanostructured
ceramic spheres by plasma spray technique would result in
development of an ideal free-flowing powder feedstock to
synthesize nanostructured coatings, and small complex parts
with improved physical properties. Spheroidization by

plasma spraying has been studied earlier,[7,8,9] but the nov-
elty of this article lies in the idea of using different quench-
ing media (viz. air, water, and liquid nitrogen) to achieve
nanostructured grains in individual spherical powder parti-
cles through the plasma spraying process. Al2O3 (alumina)
powder has been selected for the present study because
spherical nanostructured alumina powder is an excellent
starting material for near-net-shape forming, spray powders
for coatings and soft abrasives, surface adsorbents in chem-
ical industries, biocompatible coatings, and as carriers for
catalyst.[10] This powder is also being used potentially in
thermal insulation as well as in inertial confinement fusion
of nuclear materials.[11]

Thermal plasma spraying has been used extensively within
many industries for a variety of applications because of its
versatility to synthesize fine metal, alloy, ceramic, polymer,
and composite powders. Plasma spheroidizing is a modified
form of atomization technique, where the temperature reaches
more than 15,000 K in plasma flame with gas velocities reach-
ing speeds of 1 to 3 Mach.[12,13] Because of the short resi-
dence time of the particle in the plasma, impurity limits in
the product are generally low.[7] The added beauty of the
process is the use of inert carrier gases minimizing the chem-
ical reaction of the processed powder, which possesses higher
surface energy than the starting powder, due to its refined
size. Processing of ceramics such as alumina powders
becomes much easier since the temperatures achieved in
plasma are much higher than the melting point of any known
material. The surface tension on the molten particles, upon
disintegration, fragments it into spheroids of fine particles
added with quenching from water, and liquid nitrogen helps
to nucleate and retain the nanocrystalline/grain structure of
the particle. Plasma-spheroidized powder experiences rapid
cooling, resulting in a high nucleation rate for solidified par-
ticles, without any significant time for grain growth.

II. EXPERIMENTAL PROCEDURE

Commercially available aluminum oxide powder (99.8 pct
purity) of irregular shape in the 15- to 45-�m particle size
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Fig. 1—Low-magnification SEM micrograph of as-received irregularly
shaped alumina powder.

Fig. 2—Schematic of plasma spraying for powder spheroidizing.

range was procured from Saint Gobain Ceramics Materials
(Figure 1). Plasma spheroidization experiments were carried
out under a variety of plasma conditions altering the primary,
secondary, and carrier gas flow rate for different quenching
medias, whereas the input current and voltage remained fixed.
The alumina powders were plasma sprayed using a Praxair
plasma SG 100 gun (Praxair, Danbury, CT) at 40 V and 800 A,
where the powders carried by argon gas were fed internally
through a Praxair model 1264 powder feeder. Gas flow rates
of primary (Ar), secondary (He), and carrier gas (Ar) are in
the range of 15 to 35 Psi, 80 to 120 Psi, and 40 to 55 Psi,
respectively. The optimized results are being presented in this
article. A schematic of the process is shown in Figure 2. The
flight distance and diameter of the powder collector are denoted
as h and d, respectively, in the schematic.

Alumina powders were internally fed through the SG 100
gun for providing a longer stay (dwell time) to maximize
the higher temperatures observed during the transit in the
plasma flame. Hence, these ceramic powders experience a

high degree of superheat in the plasma gun, which in turn
gives rise to the formation of resolidified morphology, as
explained in a later section.

In order to compare the feasibility and degree of grain size
refinement, three different cooling media, air (room tem-
perature), water (room temperature), and liquid nitrogen
(77 K) were used, thereby providing different degrees of
cooling rates. The plasma-sprayed powders were collected
at the bottom of a vertical cylindrical steel container (29.2-cm
height and 16.4-cm diameter) with proper cooling arrange-
ment. An extra open-ended steel cylinder (45.7-cm height
and �16.3-cm diameter) was placed on the powder-collect-
ing container during air cooling in order to increase the flight
time of the molten ceramic particles, i.e., to avoid the splat
formation of molten powders by impinging on the bottom
surface of the container. The collected powders, quenched
in water and liquid nitrogen, were dried by keeping the
powders in a box furnace at a temperature of 70 °C for 
2 hours. Henceforth, the quenched powders, synthesized by
the plasma spraying process, will also be called plasma-
engineered powders in this article. Scanning electron
microscopy (SEM) characterization was carried out using a
scanning electron microscope. As-received powders and
plasma-engineered spherical powders have been investigated
by X-ray diffraction (XRD) for phase study and grain size
measurement using Mo K� radiation (� � 0.70930 Å). Raman
spectra were obtained using a Ti-sapphire crystal target with
a laser wavelength of 785 nm. The high-resolution trans-
mission electron microscopy (HRTEM) images of the as-
prepared particles were obtained with a PHILIPS* (Tecnai

*PHILIPS is a trademark of Philips Electronic Instruments Corp.,
Mahwah, NJ.

Series) transmission electron microscope at 300 keV. Sample
preparation for TEM analysis was done by suspending pow-
ders in acetone, where they were ultrasonicated for 10 min-
utes, after which a copper grid was dipped in the solution. The
copper grid was dried in air for 10 minutes and inserted in a
vacuum chamber for an hour before inserting the sample in the
TEM chamber.

III. RESULTS AND DISCUSSION

A. Microstructural Evaluation of Plasma-Atomized
Powders

The SEM micrograph shows an irregular morphology of
as-received alumina powders (Figure 1) displaying powder
particles in the 15- to 45-�m size range. The overall mor-
phologies of the powders after plasma spraying in air, water,
and liquid nitrogen are shown in Figures 3 through 5, respec-
tively. It is evident from the figures that most of the powders
became spherical after plasma spraying. A higher surface
area to volume ratio leads to formation of spherical-shaped
powders facilitating faster heat energy dissipation. Hence,
the tendency of spheroidization of the plasma-sprayed pow-
ders was controlled by the high cooling rate of the thermal
spraying process. The cooling rate during the solidification
of molten particles is calculated from the crystallite size
shown later in this article. The plasma-engineered powders
in air, water, and liquid nitrogen are in the size ranges of
15 to 35 �m, 10 to 35 �m, and 10 to 25 �m, respectively.
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Fig. 3—Low-magnification SEM micrograph of plasma-engineered spher-
ical alumina powders, quenched in air.

Fig. 4—Low-magnification SEM micrograph of spherical alumina pow-
ders, plasma engineered in water.

Fig. 5—Low-magnification SEM micrograph of spherical alumina pow-
ders, plasma engineered in liquid nitrogen.

The presence of smaller spherical powder particles (2 to 5 �m)
can also be observed in all three cases. This is attributed to
the fragmentation of the molten particles moving at high
speed (�Mach 2) that became smaller sized spherical pow-
ders after solidification. It can be noticed that some of the
powder particles became elliptical or oval shaped in all three
cases of different cooling rates. This is because of the uneven
thermal treatment of the powder particles during the inter-
action with the plasma. The uneven thermal treatment results
due to the incongruity of plasma zone temperature and the
disparity in the interaction time of powders with the plasma.
The different sized as-received powders also contributed to
the formation of oval-shaped powders, where the complete
melting of the larger sized powders has not occurred.

Incongruent flame flow causes partial melting of surfaces,
which thereby leads to asymmetrical melting of edges and
hence to the conical morphology of sprayed powder. The high
speed of the particle in the plasma flame smoothens the edges
and trims it to the shape of a comet undergoing more melt-
ing at the front surfaces due to friction from air resistance. It
may obviously be expected that larger particles melt in an

Fig. 6—Appearance of alien face attributed to different powder particle size
and differential melting of sprayed particles, quenched in liquid nitrogen.

asymmetric way at the surfaces, whereas the smaller particles
can undergo complete melting and then get redeposited.

A typical image is captured in Figure 6 as an alien face,
where the small (�2 to 4 �m) spray particles quenched in
liquid nitrogen are resolidified and stuck to a partially melted
larger particle (30 to 40 �m). It might happen that larger,
partially melted particles form a conical morphology after
their surface experiences differential flame flow in the stream
and thereby generate face of the alien. Fragmentation of
larger particles by the gas stream impact or resolidification
of smaller melted particles spreading onto already solidified
particle form eyes, completing the formation of an alien face.

The high-magnification SEM micrographs of plasma-
sprayed powders are shown in Figures 7 through 10. Cellu-
lar morphology is visible in the air-quenched plasma-sprayed
powders (Figure 7), whereas a flat and smooth resolidified
structure with some cellularity is obtained in the water-
quenched sprayed powders (Figure 8). Even larger particles
(compared to water- and air-quenched particles) in liquid
nitrogen–quenched alumina powders resulted in the dendritic
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Fig. 7—High-magnification SEM micrograph of plasma-engineered alu-
mina powders showing the formation of cellular structure during solidifi-
cation in air.

Fig. 8—High-magnification SEM micrograph of plasma-engineered water-
quenched alumina powders showing the flat surface with partial cellular
structure.

Fig. 9—SEM micrographs of plasma-engineered alumina powders, quenched
in liquid nitrogen, showing the dendritic structure.

Fig. 10—SEM micrographs of plasma-engineered alumina powders,
quenched in water, showing the hollow cored particles.

structure, implying that very high cooling rates are observed
during the process (Figure 9). It can be mentioned that some
of the sprayed powders in water were cracked (Figure 8). The
presence of quenching strains and the residual stresses in both
water- and liquid nitrogen–quenched powders has been con-
firmed from the XRD spectrums of corresponding powders
and has been induced later in this article (Table I). During the
water quenching of plasma-sprayed powders, water was
absorbed on the surface of hydrophilic alumina. As solidifi-
cation progresses, the water vapor experiences a sluggish
motion and becomes entrapped in the viscous liquid alumina;
thus, few powders were solidified with hollow core (Figure 10).
Consequently, the hollow core powders with lower wall thick-
ness have a greater possibility of cracking under compara-
tively lower stress. In the case of liquid nitrogen quenching,
the particles first encounter the liquid nitrogen vapor before
they touch the liquid nitrogen surface. Hence, the plasma-
sprayed powders quenched in liquid nitrogen do not experi-
ence the high impact with the liquid nitrogen surface before

complete solidification. On the contrary, the molten powder
experiences a high impact in the event of water quenching
due to the absence of water vapor fumes. This higher impact
of molten droplets on the water surface exerts an appreciable
amount of stress on the powders. Besides, there might be a
continuous process of microbubble formation and explosion
on the surface of the solidifying alumina particles in the case
of water quenching, which further helps in stress generation
in the quenched powders. It can be also observed from the
SEM micrographs of quenched powders that the water-
quenched powders possess a highly smooth surface (Figure 8),
compared with the highly rough surface of liquid nitro-
gen–quenched powders (Figure 9). The tortuous path in the
rough surface induces large stored elastic energy, which resists
cracking of liquid nitrogen–quenched powders.[14] Hence,
crack propagation occurs more readily in smother surfaces
of water-quenched powders. The phenomena of particle-
quenching media collision as well as the bubble formation
and explosion were absent in the case of air quenching of
molten ceramic particles. Thus, air-quenched particles did not
show any type of cracking.

The morphology of a few water-quenched powders
attracted special attention since some particles displayed a
hollow core (Figure 10). Water vapor could escape from the
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developing shell of the solidifying ceramic up to a certain
shell thickness; later, the gases were pushed toward the cen-
ter of the core because of the high surface tension of the
alumina. Thus, the gas becomes entrapped inside the solid-
ified powder particles. For rupturing of the alumina parti-
cles, the presence of water or any gases in adsorbed or chem-
ically bonded form is required.[15] At the same time, there
should be some optimum volume of gas depending on the
size of the particle to cause this crater effect. A lesser vol-
ume of air may not be sufficient to blow the particle itself.
Hence, interplay of the bonded water or gases with the pow-
der particle may help the cavity formation in water-quenched
alumina powders. This process requires detailed study to
research the effect of process parameters in producing hol-
low-cored alumina powders using the plasma spray process
with water as the quenching media.

B. Phase Study and Crystallite Size Measurement

The phases present in the different Al2O3 powder are
listed in Table I. The XRD spectrum of as-received alu-
mina powder showed the presence of stable �-alumina
precisely. The spectrum did not exhibit the existence of
any metastable phase. However, the tendency of metastable
phase (�-alumina) formation along with the stable � phase
was noticed in the XRD patterns of plasma-engineered
powders.

The use of different cooling media, i.e., the different cool-
ing rates during spraying, influenced the extent of the
metastable phase formation in the sprayed powders.
Metastable phases form because they can nucleate directly
from liquid even before stable phases can nucleate, and also
because the metastable phase kinetics of crystal growth rates
is much higher than that of the stable phase.[15,16] There-
fore, the formation of � phase was quite clear in the sprayed
alumina powders in liquid nitrogen, which is due to the
extremely high cooling capability (normally 107 to 109 K/s)
of liquid nitrogen in solidifying molten powder particles.

The crystallite size (Table I) of as-received alumina
powders as well as of the three different types of plasma-
engineered powders was calculated using the Scherrer equa-
tion.[17] A standard NIST Si powder sample was employed
to determine the instrumental broadening and the calibra-
tion of the XRD patterns of powder samples using the
Gaussian profile. The crystallite sizes of as-received and
plasma-sprayed particles were measured by selecting two

high-intensity peaks for �-alumina in all of the XRD pat-
terns. It can be perceived from Table I that the crystallite
size in the alumina powders decreased with increasing cool-
ing rate. The sprayed powders using liquid nitrogen showed
the presence of nanosized crystallite (69 to 75 nm). The min-
imum crystallite size achieved in nitrogen cooling is attrib-
uted to the high cooling efficiency of liquid nitrogen. The
very high driving force due to rapid cooling provides a high
nucleation rate, yet does not allow time for particle growth
during solidification of molten powder particles. The quench-
ing strains and the residual stresses generated due to the
quenching effect of different cooling media were computed
from the XRD patterns (Table I) following Eq. [1]

[1]

where �b is the extra broadening due to the fractional vari-
ation in lattice spacing, ��.[17] The as-received powders are
understood as the reference without any residual stress in
the course of strain and stress measurements. It can be envis-
aged from Table I that the liquid nitrogen–quenched pow-
ders experienced maximum strain and residual stress among
all types of plasma-engineered powders. Although the resid-
ual stress was lower in water-quenched powders, cracking
can be observed for those powders only. The reason behind
the cracking of lower-stressed water-quenched powders is
discussed earlier in this article.

C. Cooling Rate Calculations from Crystallite Size

Spacing of dendrite arm spacing is decided by super-
cooling, which is dependent on the rate of cooling. Hence,
a relationship between dendrite size and cooling rate can be
expressed through the equation given by Matyja et al.[18] as

[2]

where d is dendrite arm spacing in microns, Qavg is average
cooling rate (K/s), n is average cooling rate exponent depen-
dent on material, and c is material constant. The ideal value
of n is sited in the literature at 1/3, corresponding to a near
spherical domain of solidified volume. Equation [2] is valid
for more than ten orders of magnitude of cooling rates, as
reported in earlier works.[19,20] The attraction of the preced-
ing equation lies in the fact that direct measurement of the
structural characteristic, i.e., dendrite spacing, can be used
to approximately calculate the cooling rates.

dQavg
n � c

�b � �2� � tan u

Table I. The Crystallite Size Data of Differently Processed Alumina Powders, Measured from their Respective XRD Patterns
(Mo K� Wavelength: 0.70930 Å)

Different Alumina Crystallite Residual Stress
Powders Phase(s) 2	 Value Size (�m) Strain (MPa)

As-received alumina stable �-alumina 43.21 0.31232 — —
57.37 0.27842 — —

Plasma-engineered stable �-alumina 
 43.45 0.30129 �0.00001 �4.30
alumina in air traces of �-alumina 57.57 0.25487 �0.00002 �9.2462

Plasma-engineered �-alumina 
 traces of 43.41 0.13293 �0.00037 �155.22
alumina in water �-alumina 57.55 0.11159 �0.00036 �148.20

Plasma engineered �-alumina 
�-alumina 43.44 0.074 (74 nm) �0.00087 �364.06
alumina in liquid as minor phase 57.56 0.692 (69.2 nm) �0.00072 �299.58
nitrogen
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Fig. 11—Raman spectra of as-received alumina powders with different quench-
ing treatments using Ti-sapphire crystal with laser wavelength of 785 nm.

Since the air-plasma-sprayed morphology did not show any
dendritic structure, we assume within acceptable limits that the
cooling rate of the overall cellular morphology will be the same
as that observed by the individual crystallites. Similarly, for
the water-quenched and liquid nitrogen–quenched plasma-
sprayed particles, we have considered the crystallite size of the
particles as was measured by XRD analysis. Matyja et al.[18]

and Sampath and Herman[19] have laid a foundation for cal-
culating the cooling rates, so the effect of cooling rate was
detailed for air, water, and liquid nitrogen quenching medias
using Eq. [2]. Table II illustrates the cooling rates calculated
for various quenching medias for plasma-sprayed powder par-
ticles. Variation in the solidification rate produced a sharp
change in the particles’ very microstructure and displayed refine-
ment in crystallite size with increasing cooling rates.

The cellular structure was observed in the air-sprayed
plasma process prohibiting the calculation of cooling rate
from secondary dendrite arm spacing. Generally, the cooling
rates in plasma spraying range in the order of 106 to 108 K/s.
The smooth surface of water-quenched plasma-sprayed pow-
ders clearly displayed resolidified flat microstructure; hence,
the cooling rate calculations were made using the crystallite
size rather than the secondary arm dendritic spacing. Liquid
nitrogen–quenched plasma-sprayed powders presented den-
dritic structure due to very high cooling rates, as expected
for extreme quenching. The grain size, as measured by the
XRD technique, confirms the refinement of crystallite size.
Hence, manufacturing of nanostructured spherical particles
in bulk quantities at an industrial level seems feasible from
the aforesaid observations using plasma atomization.

D. Raman Spectroscopy

Raman spectra for various plasma-engineered aluminum
oxide powder particles are shown in Figure 11, revealing the

signature of differently processed powders. Raman peaks in
Figure 11 signify the presence of �-Al2O3 in as-received pow-
ders as well as in the plasma-engineered powders. Since
�-Al2O3 does not show Raman peaks, the spectrum does
not indicate formation of metastable �-Al2O3, though the
XRD investigation insinuates a greater presence of metastable
phase with increasing cooling rate. According to Krishnan
et al.,[21] �-Al2O3 with the space group (rhombohedral)
shows Raman modes, whereas the metastable �-Al2O3 with
the (cubic) space group does not. However, Thomas
et al.[22] reported Raman spectra for �-Al2O3, where �-Al2O3

stands for the metastable phases (�, �, , �, etc.) of aluminum
oxide. Raman-mode activity for formation of �-Al2O3 even
at higher cooling rates is not prone to depicting Raman peaks.
Hence, it becomes difficult to detect the �-Al2O3 metastable
phase through direct investigations. However, the disap-
pearance of �-Al2O3 phase peaks may indirectly relate to the
presence of �-Al2O3 metastable phase in the structure. The
Raman peak shift corresponds to the indirect measurement
of grain size refinement through �-Al2O3 phase peaks. Hence,
the Raman spectrum can correlate grain size refinement
through the stable phase, observing the shift and broadening
(full-width at half-maximum) of the Raman peaks, enabling
characterization of the Raman active phase.[23]

The Raman shift for all of the peaks in the two sets of spec-
tra is tabulated in Table III. The peak shift toward a higher
wave number was observed with an increasing degree of
quenching, except for air-quenched powders. There was no
significant difference in peak shifts of as-received and air-
quenched Raman spectra, which could be attributed to simi-
lar crystallite size in both samples (Table I).

All the spectra except for the water-quenched powders have
shown very similar types of peaks. The six characteristic Raman
peaks at 378, 417,428, 576, 644, and 747 cm�1 correspond to
formation of the �-Al2O3 phase. The tendency toward grain
refinement increases with the higher degree of cooling rates;
hence, the shift and difference in width of Raman peaks is due
to the variation in the grain sizes of the sprayed powders.

Extra peaks arising at 348, 399, and 512 cm�1 for water-
quenched powders may be due to the formation of aluminum
hydroxide (�-Al(OH)3).

[24] This can be reasoned since the high
energy of plasma-heated alumina powders, impacting the water
surface, chemically bond with water (quenching media) to form

Fd3m

R3c

Table II. Cooling Rate Measurements from Crystallite Size
Obtained from XRD Measurements

Average Cooling Rate 
Quenching Media Crystallite Size (K/s)

Air 0.3 �m 3.33 � 106

Water (H2O) 122 nm 4.35 � 107

Liquid nitrogen 72 nm 2.27 � 108

Table III. Peak Positions in Raman Spectra of As-Received
Alumina Powders as well as Plasma-Engineered Powders

with Different Quenching Treatments

Raman 
Peaks As Received Air Water Liquid N2

1 — — 348.14 —
2 378.22 377.02 380.62 379.42
3 — — 399.76 —
4 417.62 415.25 418.81 417.62
5 427.12 428.31 — 429.49
6 — — 512.86 —
7 576.33 575.18 — 576.33
8 — — 601.45 —
9 644.48 639.97 650.11 643.35

10 747.88 742.39 750.08 747.88
11 — — 767.59 —
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Fig. 12—Bright-field TEM image of as-received alumina powder particle.

Fig. 13—Bright-field TEM image of nanograins in water-quenched plasma-
engineered alumina powder particle.

hydroxide. Transition lattice distortion arising due to hydrox-
ide formation might have generated extra Raman peaks. How-
ever, no such evidence was recorded from XRD analysis.

Interestingly, the tendency of crystallite size reduction
was found more in the case of water-quenched alumina
powder. This may be obvious because in the case of liquid-
nitrogen quenching, the powders experienced an extreme
cooling rate that led to the formation of amorphous phases.
The amorphous phase formation in liquid nitrogen was
endorsed by the TEM micrograph of liquid nitrogen–quenched
powders (to be discussed later). No Raman peaks were
observed for �-Al2O3 metastable phase.

E. TEM Characterization

Figures 12 through 14 show TEM micrographs of as-
received and plasma-sprayed powders in water and liquid

Fig. 14—Bright-field HRTEM image of liquid nitrogen–quenched plasma-
engineered alumina powder particle showing the presence of nanograins.

nitrogen, respectively. The TEM analysis of air-quenched
powder is not included because it shows crystallite size of
approximately 0.3 �m, which is beyond the region of our
interest. As-received powder shows the average grain size of
�0.2 �m (Figure 12), which is in accordance with the grain
size measurement performed using XRD, as displayed in
Table I. The extremely high cooling rate during plasma spray-
ing of these as-received powders caused grain refinement,
which was more emphatic in the case of water and liquid
nitrogen quenching. The presence of nanograins in the water-
quenched (Figure 13) and liquid nitrogen–quenched (Fig-
ure 14) powders insinuates to the feasibility of nanostructure
formation by rapid cooling of powders during plasma spraying.

Formation of some metastable phase other than the stable
� phase can also be noticed in the water-quenched powders
(Figure 15).[10,24] This is attributed to the extensive cooling rate
associated with the plasma spraying process (4.35 � 107 K/s),
aided by the water quenching of the powders. Selected area
diffraction (SAD) showed spotty ring patterns with few bright
spots in the water-quenched powders (Figure 13). The spotty
ring pattern is attributed to the presence of extremely fine (nano-
size) grains in water-quenched powders, whereas bright spots
are reflection from several planes. Liquid nitrogen–quenched
powder displayed very fine crystallites, as seen clearly from
the bright-field TEM image in Figure 14. A diffused ring
pattern observed in SAD indicates the absence of reflecting
crystalline planes confirming quasi-crystalline to amorphous
structure. Moreover, these rapid transformations due to
observing extreme cooling rates did not find much time for
growth of newly generated crystallites. Hence, we can clearly
observe fine grains oriented in random fashion during liquid
nitrogen quenching. It may be intelligently predicted that
amorphous phase may also be generated at these extreme high
cooling rates, which is indeed the case as endorsed later in
Figure 17.

A new phase seemed to originate in a predefined way,
unaware of the equilibrium transformation structures. As
seen in Figure 16, a thumbprint structure was observed in
water-quenched alumina powder attaining a concentric
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Fig. 17—Bright-field TEM image showing formation of amorphous phase
in liquid nitrogen– quenched plasma-engineered alumina powder particle.

Fig. 16—HRTEM bright-field image of water-quenched, plasma-engineered
powder, showing the concentric growth of lattice fringes.

symmetry. We can clearly observe lattices merging into one
another forming an aligning structure. This implies that nucle-
ation has occurred at the center of the rings and then pro-
ceeded further. With no particular direction of lattice fringes,
the thumbprint structure is observed for high cooling rates
at specific regions. Metastable phase generation is accou-
tered with rapid transformation kinetics, since shorter times
are available for the rearrangement of atoms in the crystal
lattice. Therefore, concentric fringes beautifully detail the
formation of fine crystallites of new phase growing at the
interface between the already nucleated metastable phase

and the transforming surrounding structure. Rapid cooling
results in the characteristic cubic structure with aluminum
trapped in tetrahedral sites of the oxygen fcc lattice.[10] Hence,
it may be proposed that insufficient time for alignment of
the lattice fringes therefore may be leading to thumbprint
and random orientation of the �-Al2O3 structure in water-
and liquid-quenched conditions, respectively. Moreover, it
may be expected that the thumbprint structure will help
reduce the higher surface energy. This is reasoned since
the growth of the new phase in constrained time (due to
severe quenching) will occur easily at the interface, as we
observe in Figure 16, through alignment of merging lattice
fringes. This indicates the compliance of the new phase struc-
ture in accordance with the available duration of lattice
realignment. The system can be looked upon as a transfor-
mation under isothermal conditions, since the 99 pct trans-
formations could complete in time as low as 5 times those
of 1 pct transformation.[25] This is indicative of the require-
ment of quick and sudden changes to transformed structure.

Activation energy of 4.5 eV for amorphous to �-Al2O3

phase transformation and an activation energy of 5.2 eV
for �-Al2O3 to �-Al2O3 phase transformation was observed
by Igor and Brandon.[10] Therefore, we clearly say that �-
Al2O3 to �-Al2O3 phase transformation requires more energy
when compared to amorphous to �-Al2O3 phase transfor-
mation. Thereby, cooling rates observed by the spray parti-
cles determine the new phase formation upon solidification.
Moreover, amorphous phase formations require a steep tem-
perature gradient and extreme cooling rates, which are antic-
ipated in plasma spray processes as the extreme degree of
quenching is provided by liquid nitrogen.

Figure 17 confirms the formation of the amorphous phase
in liquid nitrogen–quenched powders due to the extreme
cooling rate on the order of 2.27 � 108 K/s. Transforma-
tion to �-Al2O3 requires rearrangement of the oxygen sub-

Fig. 15—Bright-field TEM image showing nucleation of a nanosize needle-
shaped phase in water-quenched, plasma-engineered alumina powder particle.
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lattice, but the lack of sufficient time for the rearrangement
leaves the structure amorphous in the case of liquid nitro-
gen quenching. Glassy structure signifying the formation
of a diffused ring pattern was also confirmed through the
TEM selected area electron diffraction pattern.

IV. CONCLUSIONS

Plasma spray atomization successfully attained spher-
oidization of alumina ceramic powder particles under dif-
ferent quenching media. Water-and liquid nitrogen–quenched
powders achieved refined nanostructured morphology with
increasing cooling rates of quenching media. Further research
potential lies in controlling the characteristics of sprayed
alumina ceramic powders controlling hollow-core particles
in water-quenched plasma-sprayed powders. Nanostructure
formation in the liquid nitrogen–quenched plasma-sprayed
powders was confirmed with grain-size measurements using
the diffraction peaks. The cooling rates of the processed
powders were calculated in the range of 3.33 � 106 to 2.27
� 108 K/s for plasma-sprayed powders quenched in differ-
ent media. The TEM studies of the water-and liquid nitro-
gen–quenched plasma-engineered powders corroborate the
presence of nanostructure, metastable phase, and amorphous
phase formation in the powders. Extensive TEM studies des-
ignated lattice fringes as germination of fine crystallites with
increasing severity of quench.
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