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Alumina (Al,03) remains one the most important engineering ceramic for industrial applications. In addition to
the a phase, transition alumina phases have interesting characteristics. Controlling the obtained phase structure
from alumina melt requires processes with extreme cooling rates and therefore limits the tailoring capabilities.
This study investigates how the cooling rate of pure alumina affects its microstructural properties and phase
structure in plasma-based processing. The paper reports phase changes in micron sized granulated alumina
particles in high-temperature plasma spheroidization and compares the results to plasma sprayed alumina
coatings. Both plasma processes involve melting of the material followed by subsequent rapid cooling. Direct

comparison on the alumina phase transitions is obtained for the two methodically distinct processing routes,
creating unique microstructures due to difference in their cooling rates.

1. Introduction

Alumina possesses intriguing properties such as high hardness,
resistant to abrasion, chemical inertness and low price, making it a
tempting material for various applications [1,2]. To customize the per-
formance of alumina, it is important to understand how the alumina
characteristics can be controlled by heat treatment to improve its us-
ability towards the desired applications.

As is well known, alumina exhibits several metastable phases, so-
called “transition alumina phases”, such as, gamma (y), delta (5),
theta (0), eta (1) and kappa (x), in addition to the only thermodynami-
cally stable alpha (o) phase [3]. Transition phases have different oxygen
sub-lattices in face-centered cubic crystal (fcc) structure in comparison
to the o phase with hexagonal close packed (hcp) structure, in which
two-thirds of octahedral interstices are occupied with AI* cations. In
transition phases, with the fcc crystal arrangement, oxygen anions and
aluminum cations appear in many proportions with octahedral and
tetrahedral confgurations [4]. Identifcation of the transition alumina
phases is a challenging task due to coexistence of phases, similarity of
the phase structures and distorted crystal lattices. Phase transformation
sequence from metastable alumina structures toward the stable a phase
in heating is presented by Levin & Brandon [4].

The polycrystalline o phase is used, for example, in wear-resistant

* Corresponding author. Visiokatu 4, P.O. Box 1300, 33101, Tampere, Finland.

E-mail address: kimmo.kaunisto@vtt. ¥ (K. Kaunisto).

https://doi.org/10.1016/j.ceramint.2023.03.263

applications and cutting tools because of its high hardness and ther-
mal stability. The metastable transition phases, such as y, 6 and 6 are
typically utilized, for example, as catalysts and catalysis support mate-
rials due to their lower surface energy and high specifc surface area,
respectively [5-7]. Controlled heating of alumina raw materials, such as
boehmite (AIO(OH)), produces transition alumina phases as a function
of temperature. y-Alumina forms at the lowest temperature, around
300-500 °C, being stable below 700-800 °C. At higher temperatures y
transforms to & and 0 phases around 800-900 and 900-1100 °C,
respectively, and Ffnally to the stable o phase at around 1150 °C [3,5,8].
However, the alumina transformation highly depends on the heating
rate and precursors used in the synthesis and hence only temperature
range for each transition can be provided [5].

Transition alumina phases can be produced also using high tem-
perature melting followed by solidifcation [9,10]. To avoid formation
of the thermodynamically most stable a phase in the fnal material,
guenching rate must be suffciently high [11,12]. The y forms predom-
inantly in rapid cooling of melted alumina, being the path of least
resistance among the alumina phases [11,13]. For obtaining specifc
crystallinity in plasma sprayed alumina, the cooling rate needs to be
controlled. Cooling rate is also affected by substrate temperature and
microstructures of isolated plasma sprayed alumina splats ranging from
amorphous through y crystallites to a alumina with the increase of the
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substrate temperature from 573 K to 1173 K can be obtained [14].
Formation of amorphous phase from pure alumina demands even more
extreme cooling rates in the order of 108-10° K/s [12]. Mixing of
alumina with other substances, such as e.g. CaO or SiO,, substantially
facilitates the formation of the glassy phase [15,16]. According to
Hashimoto et al. pure alumina is not a glass former in melt-quenching
[16]. A related challenge is to produce single-phase transition alumina
as the cooling rate should be similar throughout the whole material.

Earlier, few papers have been published considering the radio fre-
guency (RF) -plasma treatment on ceramic raw-materials, typically Ca
(OH),, or alumina powders [17-19]. These studies focus mostly on
macroscopic characteristics of the materials upon the plasma treatment
and less on microstructural features and phase transitions caused by the
high-temperature processing and fast solidifcation. Therefore, the effect
that high-temperature processing, followed by rapid cooling, has on the
forming alumina phase structure, requires more attention to allow
achieving material properties that are optimal for the chosen applica-
tion, for example in thermal sprayed alumina coatings. In contrast to
RF-plasma, direct current (DC)-plasma spraying of alumina coatings is
commonly used commercially. The plasma sprayed alumina coatings
has often reported to contain y, « and amorphous phases, a being at least
partly unmolten or partially molten particles [20-24]. Typically, no n
phase has been detected in thermal sprayed coatings although Zhou
et al. has documented occurrence of n phase in alumina [25].

In this paper, we study alumina phase transitions in rapid melt so-
lidifcation. We compare alumina phase structures obtained in two
similar processing technologies, RF-plasma spheroidization (particle
cooling rate approx. 10% K/s [26] and plasma spray coating (particle
cooling rate approx. 108 K/s [27], to understand the phase structure
complexity prevailing after the thermal processing steps. Furthermore,
microstructures of the powder particles and coating are investigated
using the electron backscatter diffraction (EBSD) technique. The EBSD
study reveals the dynamic nature of the heat treatments by showing that
the heat-treated alumina microstructure is a combination of multiple
phases rather than a single-phase structure. Phase evolutions of pure
a-alumina powder during the RF-plasma spheroidization and in plasma
sprayed coating are compared and discussed.

The motivation for this study was to gain a better understanding of
the phase transitions between the metastable phases and o phase that
occur during rapid solidifcation of pure alumina. This sheds light on the
microstructural changes that might take place during the processing of
alumina, which potentially has a signifcant effect on the materials
properties and performance. The EBSD mapping is used to report phase
structure and grain orientations within individual particles, which are
compared to the phase structure of a plasma sprayed alumina coating,
providing new knowledge to the scientifc community.

2. Materials and methods

As received, pure alumina powder Metco 6103 (>99.98%, Oerlikon
Metco) was used as a raw material in this study. The main impurities
were Ca (30 ppm), K (27 ppm), Na (40 ppm), Fe (41 ppm) and Si (40
ppm). The measured particle size distribution of this reference powder
was Dyp = 19 pm, Dsg = 31 pm and Dgp = 50 pm. The powder particles
have been manufactured by spray drying and sintering method from fne
grained primary particles causing the porous microstructure of the
powder particles. The porous structure is formed when the primary
particles attach to each other by necking in sintering, as only partial
densifcation is aspired.

Particle morphologies were studied by scanning electron microscopy
(SEM, JSM-6360LV, JEOL and ULTRA plus Thermal Field Emission
Scanning Electron Microscope, Carl Zeiss Microscopy GmbH). The cross-
sectional powder and coating samples were prepared with a standard
metallographic sample preparation method that includes molding of the
powder/coating into a resin, followed by polishing of the sample
surface.
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Qualitative phase analyses were carried out by an X-ray diffrac-
tometer (XRD, Empyrean, PANalytical B.V.) with Cu-Ka radiation source
and analyzed using the HighScore Plus software with the ICDD crys-
tallographic database.

A differential scanning calorimetry (DSC) function of a thermogra-
vimetric analysis instrument STA 449 F1 Jupiter (Netzch Group) was
used to investigate heat induced phase transitions of the powders and
coating. For the DSC experiments, samples of about 30 mg were
analyzed with a heating rate of 10 K/min from 40 to 1300 °C, with no
holding times, in an inert N, atmosphere. In the case of plasma sprayed
coating, the DSC measurement was performed using a piece of coating
detached from the steel substrate.

A RF induction-plasma spheroidizator (Tekna Teksphere 15, Tekna
Holding AS) was used for the plasma treatment of the powder studied.
Argon was used as both carrier and sheathing gas in the process. A stable
plasma was generated by switching on an RF induction after evacuation
the processing chamber and starting the argon purge. During the oper-
ation, alumina powder particles were fed axially into the plasma zone
through a powder feeder. The high temperature in the plasma zone
melted the powder particles, forming liquid droplets under the action of
surface tension. These droplets, when they fy out of the plasma zone,
rapidly solidifed to form spherical particles. The powder was collected
using a water-cooled steel vessel under the processing chamber. In this
work, the plasma operated at a frequency of 4 MHz and a power of 15
kW using powder feed rate of 9 g/min. The collected powder was
washed by ethanol to remove nanosized particles that typically appear
on the surface of the powder particles because of evaporation and so-
lidifcation some of the raw material during the plasma spheroidization
due to its very high temperature.

Plasma spray coatings were deposited using a direct current plasma
spray system (Sulzer Metco A3000S, OC Oerlikon Corporation AG)
equipped with a F4-MB plasma gun with unaxial powder feeder. In
plasma spraying, particle velocities typically are in order of 150-400 m/
s. Particle temperatures can be as high as 2000-4000 °C due to very high
plasma temperature [28]. The coating was deposited onto a 5 mm thick
steel plate. The coating was sprayed with Ar and H, at fow rate of 43
and 14 I/min, respectively, using 50 kW power, spraying distance of 110
mm and powder feed rate of 17 g/min.

The main differences between the two plasma equipment are the
plasma generation method (radio frequency induction and direct cur-
rent between electrodes), plasma gas velocity and powder feed system.
Both methods operate in the same order of plasma gas fow rates, but in
DC plasma spray, the gas is accelerated through a small cavity and
nozzle to a considerably higher velocity. Furthermore, in plasma
spheroidization, the particles are cooled down in the gas atmosphere,
while in plasma spraying, the particles are cooled down faster when they
hit the substrate surface. Both plasma processing methods are illustrated
in Fig. 1. Similar carrier gas powder feeders are used, but coaxially in the
plasma spheroidization and non-axially in the plasma spraying.

Crystallographic information of samples was obtained by electron
backscatter diffraction (EBSD) technique. The EBSD system (Symmetry,
Oxford Instruments plc) is integrated in a FE-SEM ULTRAplus (Carl Zeiss
Microscopy GmbH). In the EBSD measurements, the acceleration
voltage of 15 kV and the step sizes of 0.25 pm and 0.1 pm were used. The
EBSD data was collected by the AZtec software and processed using the
CHANNELS software (both from Oxford Instruments). In the EBSD re-
sults, a band contrast (BC) map shows the quality of the Kikuchi
diffraction pattern for each measurement pixel: bright means that the
pattern quality is good, and it can be indexed and black signifes that the
pattern quality is poor. The colors in the EBSD inverse pole Fgure (IPF)
maps (z direction) correspond to the crystallographic orientations as
indicated by a colored stereographic triangle. Powder samples and a
cross-sectional sample from the plasma-sprayed coating (using reference
powder) for the EBSD measurements were prepared with the standard
metallographic method. A fnal polishing and carbon coating were
carried out by a cooling cross-section polisher (CCP, B-19520CCP,



K. Kaunisto et al.

&HUDPLFV ,QWHUQDWLRQDO

Fig. 1. Schematic illustrations of a) RF-plasma spheroidization and b) DC plasma spraying.

JEOL). The carbon coating was deposited to avoid sample charging
during the EBSD measurements.

Nanoindentation tests were performed on the spherical alumina
powders in both as-received and plasma spheroidized conditions to
determine differences in their mechanical properties. An Alemnis in-situ
nanoindenter (Alemnis AG, Switzerland) was used inside a Zeiss LEO
1450 SEM to perform indentation tests on the alumina powder particles
individually. A cube corner tip (Synton SDP, Switzerland) made of
electrically conductive diamond was used for these experiments. The use
of in-situ nanoindentation inside the SEM allows precise positioning of
the indenter tip on the top surface of each powder particle such that the
indentation can occur on relatively fat surface (see Supplementary In-
formation, Fig. S1). The positioning accuracy of the Alemnis nano-
indenter in XYZ is < 5 nm. The indentation profle comprised of the
following segments (i) loading in displacement-controlled mode at 25
nm/s up to a load target of 40 mN, (ii) hold the load constant at 40 mN
for 30 s, (iii) unload to zero displacement (starting displacement at the
beginning of the test) in displacement-controlled mode at 25 nm/s. The
indenter allows mixing both displacement-controlled [29] and
load-controlled segments in an indentation profle. The indenter tip was
cleaned after each indent by performing deep indents (—5 pm depth) on
a piece of copper. A minimum of 6 indentation tests were performed on
each alumina type: as-received and plasma spheroidized. The
load-displacement curves from each indent were analyzed using method
[30] to extract hardness and modulus values.

3. Results

X-ray diffraction measurements were performed to identify the ob-
tained average phase structures of the alumina powder and coating after
the high-temperature plasma spheroidization and plasma spraying,
respectively (Fig. 2). In the both methods, the powdery raw-material
melts at a high-temperature, at least partly, and then solidifes rapidly.

The as-received alumina powder shows only o phase (Fig. S2). The
XRD pattern of the high-temperature plasma spheroidized powder
(Fig. 2b) shows peaks for a phase (ICDD 04-007-1400) and transition
phases & (ICDD 04-008-4095), 6 (ICDD 016-0394) and y (ICDD
029-0063). The phase composition is similar to the previously reported
phase structure of plasma spheroidized alumina [31]. Fig. 2b presents
XRD pattern for the plasma sprayed alumina coating with thickness of
about 380 pm. The XRD pattern of the coating shows peaks for o« and y
transition phase. These are the two phases typically assumed to be
formed in thermal spray coating of alumina [20-22]. The XRD baseline
of the coating pattern is not fat indicating there are some nanocrystal-
line and/or deformed crystal lattices present as is typical for the given
coating deposition method. The XRD data of either plasma process
shows no indication of the presence of glassy Al,O3 (no broad hump
around 26 = 20-40°) despite the fast cooling that occurs after the plasma
torch.

X-ray diffraction analyses of the plasma sprayed alumina coating
after heat treatments at 900, 1100 and 1300 °C were performed to
support conclusions on the alumina phase transitions (Fig. S3) As

Fig. 2. XRD patterns of the a) plasma spheroidized alumina powder and b)
plasma sprayed alumina coating. The as-received alumina powder was used for
both processes.

discussed earlier, the as-sprayed alumina coating shows only o and y
with no other transition alumina phases. After the heat treatment at
900 °C, the diffraction peaks of & phase appear showing the y to &
transition. Transition of y to 6 phase, around 800-900 °C, is not com-
plete due to the insuffcient heat treatment time. Transition of 6 to 0
phase takes place around 900-1100 °C and only 6 and a peaks are
present after the heating up to 1100 °C. The 6 peaks show only weak
diffraction peaks due to the small sample size used. However, the
transition to 0 is obvious as y and & peaks are no longer visible. After the
heat treatment up to 1300 °C, only a peaks are present (the 0 to a
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transition takes place around 1150 °C).

We studied the effect of the high-temperature plasma treatment,
followed by rapid cooling, on the alumina particle microstructures and
crystallography, using SEM together with EBSD prior and after the
plasma spheroidization. Fig. 3 presents the SEM images of the alumina
particles before and after the plasma spheroidization treatment. As
shown in the Fgure, the spray-dried porous alumina particles have so-
lidifed into dense spheres in the high-temperature plasma processing.
Therefore, the temperature prevailing in the plasma was high enough to
completely melt the o particles.

Fig. 3e and f shows the cross-sectional SEM image of the plasma
sprayed alumina coating. SEM imagining was performed to study the
microstructure of the coating to more comprehensively understand the
microstructure that forms during the coating deposition. The coating
appears dense with some micro-cracks and splat boundaries from par-
ticle Fattening upon high-speed impact to the substrate. The round dark
areas represent local porosity being trapped in the coating structure. In
addition, few areas having original particle-type porous structure were
observed indicating insuffcient particle melting during the deposition.

According to the EBSD maps collected from the particle cross-
sections (Fig. 4), the as-received spray-dried alumina particles are
fully a phase with spherical grains and with the grain size of 1.1 £+ 0.2
pm (determined from the EBSD data by Channel 5 software). Instead, the
plasma-spheroidized particles contain various phases with irregular
grain size and morphology (Fig. 5). EBSD maps collected from the in-
dividual plasma-spheroidized particles are presented in Fig. 6 a-rich
particles with irregular grains (Fig. 6a) and 6-rich particles with mainly
elongated grains (Fig. 6b) were observed. In addition, particles with a
mixture of a phase (both melt solidifed and unmolten) and transition
phases 6, §, and y with irregular grains (Fig. 6¢) were detected. There
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were also particles containing a mixture of the three transition phases
(Fig. 6d) where in the 6 phase has mainly elongated grains while the &
and y phases have irregular grain morphology. As shown in Fig. S4,
porous a phase particles, similar to the as-received powder, were found
to remain in the powder, which indicates that these particles did not pass
through the high-enough temperature zone in the plasma to melt these
particles. The microstructure of the particles after the plasma treatment
most likely differs from each other due to a slight difference in plasma
exposure time or temperature for individual particles.

Fig. 7 shows EBSD maps of the plasma-sprayed alumina coating
sprayed using the as-received alumina powder. There are a- and y-rich
areas and areas that were not identifed (grey areas). The a phase has
mainly spherical grains with the size of 1.2 pm + 0.4 (determined from
the EBSD data by Channel 5 software) corresponding the original
particle-type structure (Fig. 5b). While the y phase has irregular grain
morphology. Transition phases vy, 8, 0, and n were studied but only y was
detected.

High-temperature DSC characterization was performed to further
study the heat induced phase transitions in the plasma spheroidized
alumina powder and the plasma sprayed alumina coating (Fig. 8). The
plasma-spheroidized powder shows a weak exothermic phase transition
from & to 6 around 950 °C. An exothermic peak around 1120 °C corre-
sponds to the phase transition from the 6 to o [8]. In the case of the
plasma spheroidized powder, we observed no visible peaks corre-
sponding to the y to & (around 800-900 °C). These observations suggest
that the most dominant transition phase formed during the plasma
spheroidization treatment is the 6 phase. The y phase observed in EBSD
analysis is not visible in the DSC due to its minor quantity, which is in
line with the XRD experiments. The as-received powder does not show
any phase transition within the temperature range because it consists of

Fig. 3. Surface morphology (a, b) and cross-sectional
(c, d) SEM images of alumina powder prior (a, c) and
after (b, d) the plasma spheroidization. In Fig. 3c and
d, the black colored areas are porosity. In Fig. 3e and
f, cross-section SEM images of the plasma spray
deposited alumina coating are presented with two
magnifcations. The as-received alumina powder was
used for the coating deposition. In Fig. 3f, white ar-
rows show examples of splat boundaries, and black
arrow an example of an un-melted particle in the
coating.
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Fig. 4. EBSD maps of the as-received alumina powder, (a) the phase map superimposed on the band contrast map for a collection of particles showing fully a-phase
and (b) inverse pole Fgure (IPF) maps superimposed on the band contrast maps for a collection of particles and an individual particle (including the IPF coloring key)
showing grain orientations and their morphology. Areas colored shades of grey represent the original Band contrast map and are not indexed in the IPF map. (For
interpretation of the references to color in this fgure legend, the reader is referred to the Web version of this article.)

Fig. 5. EBSD maps of a collection of the high-temperature plasma spheroidized alumina particles, (a) the phase map superimposed on the band contrast map showing
particles with various phases and (b) the inverse pole fgure (IPF) map superimposed on the band contrast map (including the IPF coloring keys) showing grain

orientations and their irregular size and morphology.

the thermodynamically stable a phase (Fig. S5).

The DSC results for the plasma sprayed coating show the phase
transition from y to & at 850 °C, which was not visible with the plasma
spheroidized powder. This is due to the signifcantly higher relative
amount of y in the as-sprayed plasma sprayed coating in comparison to
the plasma spheroidized powder, as supported by the XRD and EBSD. In
addition, the plasma sprayed coating similarly shows exothermic peaks
around 980 and 1150 °C, corresponding to the phase transitions from &
to 6 and 6 to a, respectively. The small shift in transition temperatures of
30 °C compared to the plasma spheroidized powder is assumed to be due
to crystal defects and deformations in the coating that slightly change
the phase transition energies.

Finally, to demonstrate how the plasma treatments have the poten-
tial to signifcantly change the perceived material properties towards a

selected application, we performed nanoindentation on singular as-
received and the plasma spheroidized particles. Nanoindentation load-
displacement curves obtained from as-received and plasma spheroi-
dized alumina particles are shown in Fig. S6. Several load-drops in the
loading curves are observed in both cases. The as-received particles
show higher frequency and larger magnitude of load-drops compared to
the plasma spheroidized particles. The load drops observed with the as-
received powder can be explained by the porous structure of the parti-
cles, i.e., the load drops occur when the necks connecting the primary
particles break) (Fig. 3c). The average hardness and Young’s modulus
values calculated from the nanoindentation results are presented in
Table 1 for both particle types, being about 2-times greater for the
plasma spheroidized alumina particles. The densifed plasma spheroi-
dized particles show smoother nanoindentation curves as no cracks were
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Fig. 6. EBSD maps of individual particles of the high-
temperature plasma spheroidized alumina particles.
The phase map superimposed on the band contrast map
shows phases existing in the particles and the inverse
pole fgure (IPF) map superimposed on the band
contrast map shows grain orientations, (a) An a-rich
particle with irregular grains, (b) a 6-rich particle with
mainly elongated grains, (c) a particle with a mixture
of a phase and transition phases 6, §, and y with
irregular grains, and (d) a particle with a mixture of
transition phases 0, 8, and y; the 6 phase having mainly
elongated grains while the 6 and y phases have irreg-
ular grain morphology. IPF coloring keys presented in
Fig. 5b.
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Fig. 8. DSC characterization of the plasma spheroidized alumina powder and
plasma sprayed alumina coating. The phase transitions verifed by XRD are
indicated by arrows in the fgure.

Table 1
The hardness and modulus values of the as-received and plasma spheroidized
alumina particles.

as-received plasma spheroidized
Hardness (GPa) 13.3+4.2 27.3+8.8
Young’s modulus (GPa) 97.2+ 225 207.2 £ 62

observed in the measurements. The higher hardness and Young’s
modulus values observed for plasma spheroidized particles, although
the load-displacement results show substantial scatter for both powder
types, indicate that as-received particles has densifed during the plasma
spheroidization. The detailed phase structure of the studied particles in
nanoindentation is unknown and hence mechanical properties of the
different alumina phases cannot be identifed, however, the large
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Fig. 7. EBSD maps with two magnifcations of the
plasma-sprayed alumina coating. (a) Phase maps
superimposed on the band contrast maps show the
distribution of a and y phases and (b) inverse pole
Fgure (IPF) maps superimposed on the band contrast
maps (show that a-phase has mainly spherical grains
while the y phase has irregular grains morphology.
IPF coloring keys for o and y phases presented in
Fig. 5. Areas colored shades of grey represent the
original Band contrast map, and are not indexed in
the IPF map. (For interpretation of the references to
color in this Fgure legend, the reader is referred to the
Web version of this article.)

deviation in the data can be explained by the rich variety of different
phase structures observed in the plasma spheroidized particles by EBSD
and other supporting techniques.

4. Discussion

The alumina transition phases that appear after solidifcation are
strongly affected by the cooling rate following the solidifcation
sequence of gamma-delta-theta-alpha, from cold to hot end, i.e.,
following the same crystallization sequence compared to the thermal
decomposition of boehmite to alumina when heated. In the plasma
spheroidized powder, the low amount of vy, indicated by the relatively
low intensity of X-ray peaks for y, was not foreseen, as the v is typically
the dominant phase present in thermal sprayed alumina coatings, as also
shown by the results here, when experiencing the rapid cooling after
hitting the relatively cool substrate surface. This indicates that the
cooling rate in plasma spheroidizing treatment, in which particles cool
down in a hot gas atmosphere, was lower compared to the plasma
spraying (still rapid enough to induce transition alumina phases). More
rarely identifed transition phases k or n were not found in this study.
Furthermore, no glassy phase was detected because of too slow cooling
rate or since the volume of amorphous phase was too low to be detected
by XRD and DSC. The tendency to form a glass phase can be signifcantly
increased by alloying, but chemically pure alumina, as in this case, re-
quires very fast solidifcation and cooling rates.

Identifcation of the transition alumina phases is known to be diff-
cult merely by XRD due to the overlapping of the corresponding
diffraction peaks. For this reason, XRD cannot solely be used for phase
identifcation and the results must be verifed using additional methods.
In this paper, EBSD method was used as a parallel identifcation method.
With the combined characterization, alumina transition phases were
detected in the material after both plasma-based processing methods.
Only y and o phases were observed in the plasma sprayed coating in
comparison to the plasma spheroidization, where & and 6 phases were
present, together with y and a. That is, the phase composition of plasma
spheroidized particles and plasma deposited coating measured by XRD
are in line with the EBSD phase identifcation.

Based on the phase analysis results, the cooling rate in the plasma
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spraying seems to be notably higher, which leaves the structure domi-
nantly in y phase. In the literature, particle cooling rates of 10° K/s [26]
and 108 K/s [27,32] are associated with the plasma spheroidization and
plasma spraying methods, respectively. Therefore, it can be assumed
that cooling rate must be at least 10%K/s to produce any other transition
phases (& and 0), and close to 108 K/s to form y phase. @ alumina seeding
is known to reduce the transition temperature for a [33,34] and, as
shown by plasma spraying treatments, it is possible that some crystalline
a phase remains in the structure during the plasma processing as a result
of the seeding [35] or the solid-state y to a phase transformation [36,37]
That is a plausible explanation why the structure has both y and o phase,
but no other transition phases were detected. Moreover, it is generally
accepted that in solidifcation on impact, molten alumina nucleates to y
phase if the droplet in fully melted because of the low interfacial energy
involved in y nucleation [11,35].

Amorphous alumina becomes metastable at cooling rates of about
108-10° K/s [12], i.e. cooling rate in plasma spraying is close to the
cooling rate required to retain the amorphous structure. However, again
the presence of crystalline seed phases in the cooling material and low
interfacial energy of y nucleation can enable homogeneous crystalliza-
tion with higher cooling rates due to epitaxial crystallization occurring
at lower activation energy. According to Gualtieri et al., the amount of
amorphous phase in the plasma sprayed alumina coating may be around
10% be weight determined by the Rietveld refnement [38]. No amor-
phous phase was identifed in the plasma sprayed coatings in this study.
However, ultra-pure alumina was used in this study that potentially
further decreases formation of the glassy phase. The microstructure and
phase content of thermal sprayed alumina coatings has shown to depend
on the coating process parameters and fraction of transition phases can
be close to 100% if particle melting is good [2,35,39,40].

o phase was identifed after both the plasma spheroidization and the
plasma spraying, which is partly due to a small number of unmolten
particles passing through to the end-product in both processing
methods. As evidence of this, un-molten a-particles were detected both
in the coating cross-section imagining (Fig. 3) and plasma spheroidizing
(Fig. S4). In the case of plasma spheroidized powder, the densifed
particles having a phase have experienced slower cooling rates due to
slightly different heating-cooling cycle, as the plasma torch has a tem-
perature distribution along the cross-sectional radius of the plasma. This
signifes the need of process optimization when using plasma
spheroidization.

Alumina phases in the plasma spheroidized powder were identifed
with XRD and EBSD, however, in the case of plasma sprayed coating,
there were also non-indexed areas in the EBSD maps (Fig. 7). These areas
mainly located at the splat boundaries and no entirely non-indexed
splats were observed. Being a dynamic process, plasma spraying in-
duces crystal deformations during solidifcation (shrinking, residual
stresses) that might hinder phase identifcations in XRD and EBSD [41].
Nanosized, deformed, amorphous and porous areas exist as non-indexed
areas in the EBSD maps. Since no other phases, excluding y and o, were
detected either by XRD or EBSD, it is likely that there are no other
transition phases present in the plasma sprayed coating, which is line
with the previous literature [20,21]. Due to the non-indexed areas in
EBSD and peak overlapping in XRD, no reliable phase quantifcation
could be calculated.

Two different types of o particles were identifed among the plasma
spheroidized powder. The frst type o particles resembled the as-
received alumina particles and were o phase likely because they did
not melt at all, when subjected to the plasma hot zone. The solid
a-particles clearly melted during the plasma spheroidization treatment
but went through a slower cooling, enabling solidifcation to o phase.
Furthermore, the EBSD reveals that a large diversity of phases and grain
morphology can be present after plasma spheroidization, which should
be considered when planning such a processing for a certain application.
Some particles showed a diverse mixture of phases, including §, 6 and «
phases due to rapid cooling. The particles with the smallest particle size,
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which had a faster cooling rate than the larger particles, therefore
consisted mostly of transition phases, indicating that the cooling rate in
the plasma spheroidization treatment reached a threshold that allowed
solidifcation into transition phases, instead of a phase. The larger grains
were typically a, although the o phase coexisted with transition phases
having a smaller grain size within the same particle, indicating a slightly
slower cooling rate in relation to the smaller particles.

In previous studies, hollow ceramic microspheres are formed during
plasma treatment of porous raw materials instead of densifed particles
presented in this study [42,43]. The formation of hollow structure is
related to the non-uniform melting of particles forming a gas cavity and
a spherical cell. This is related to low temperature plasma where
gradient melting of particles traps the pore gas within the molten surface
layer. In this study, high-temperature plasma treatment caused
gradient-free heating of the particles, which allowed gas escape during
melting and thus the formation of densifed particles with some
distributed closed-type porosity (Fig. 3d). Furthermore, agglomerated
and sintered powder that was used as a starting material may have a
high enough density to prevent the formation of a hollow structure but
allow the formation of a densifed structure with distributed closed-type
porosity.

Finally, the hardness and Young’s modulus values obtained for single
plasma spheroidized particles give an indication that the plasma treat-
ment not only densifes the structure, indicated by marked increase in
the hardness and Young’s modulus, but in addition can result in a variety
of different mechanical properties depending on the prevailing process
conditions, as indicated by the large deviation in the results. However, it
was not possible to target the nanoindentation measurements to parti-
cles with a defned single-phase structure in order to compare the
physical properties of the transition phases.

In other words, by carefully monitoring the process conditions, the
functionality of alumina can be extended even to new applications, even
though alumina is a well-established engineering material.

5. Conclusions

We have shown that the plasma spheroidization coupled with elec-
tron backscatter diffraction and supporting methods, allow an effective
route to study the intermediate transition phases produced in dynamic
melt-quenching processes of alumina and giving new insight on how to
control plasma spraying process and the achieved microstructure. The
study reveals that the alumina phase structure could be affected by the
plasma processing parameters even in the case of pure alumina and that
a rich variety of phase compositions is reached by changing the cooling
rate of the melt.

Based on the current results, it seems possible to selectively fabricate
a tailored phase composition according to the cooling profle that the
alumina particles undergo in the plasma treatment. This further ad-
dresses the importance of the cooling rate on alumina phase structure
and hence on its properties. That is, alumina cooling rate must be
considered in applications where the surface properties play a crucial
role.

By changing the cooling profle of the plasma process, the obtained
alumina phase composition can be ideally adjusted for specifc func-
tionality, such as phase composition, porosity and mechanical properties
that are suitable for a large variety of engineering applications. Further
studies should focus on technical aspects of how to accurately measure
and control the particle cooling rate during thermal processing to pro-
duce the desired alumina phase structure for the end-product. Custom-
ized phase structures would expand the usability of such materials in a
wider range of applications. Transition alumina powders with optimized
phase structure could be used as a catalyst bed material in chemical gas
phase reactors. Highly corrosive environments on the other hand require
materials with no transition phases as o phase possesses the highest
stability among the alumina phases.
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