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In this paper, the formation and transformation of Magnéli phases (Ti,0,,.;) during manufacturing of
flame-sprayed coatings from two powders consisting of anatase nanoparticles and submicrometric particles
with Magnéli phases is analyzed, respectively. These powders were thermally sprayed on a ceramic sub-
strate through oxidizing and neutral flame. Crystalline phases in powders and coatings were identified by x-
ray diffraction and quantified by the Rietveld method, verifying the presence of identified crystalline phases
in coatings by x-ray photoelectron spectroscopy. Finally, the electrical conductance of coatings was mea-
sured by the four-point probe method. Results indicate that Magnéli phases are produced from anatase
nanoparticles sprayed using both the oxidizing and neutral flames, and when the neutral flame and finest
particles are used, a high quantity of Ti;O; and TisOy, recognized thanks to their high electrical conduc-
tivity, is obtained. In contrast, when the coatings were fabricated from the powder containing Magnéli
phases, they were oxidized as much in oxidizing as in neutral flame, producing a partial transformation
from TiyO; and TisOy to both the rutile phase and TiO in low quantity. In spite of this partial transfor-
mation, the coatings maintain high electrical conductivity thanks to Ti;O,; and TisOy Magnéli phases

remaining and the TiO produced.

Keywords ceramic coatings, electrical behavior, flame spraying

process, Magnéli phases, titanium dioxide

1. Introduction

Magnéli phases are sub-stoichiometric titanium oxides with
a general formula Ti,,O,,_;, where n is between 4 and 10 (Ref
1). They were discovered by Arne Magnéli in the middle of the
past century, and recent advances in materials science have
made evident their high conductivity and chemical resistance
(Ref 2). The TiyO;, which is the most conductive of the
Magnéli phases, can be as conductive as graphite (Ref 3). These
types of titanium suboxides have versatile magnetic and optical
characteristics (Ref 4). These properties make materials com-
posed of Magnéli phases ideal for the fabrication of electrodes
and battery parts, fuel cells, among many others (Ref 5).

The aforementioned contributes to enriching the list of
strengths of titanium dioxide (TiO,), which already has
evidenced properties as important as its super-hydrophilic
ability, self-cleaning, antibacterial properties, and its role as a
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heterogeneous photocatalysis promoter under UV light for air
and water remediation (Ref 6). Some authors consider Magnéli
phases essential for future technological developments and
advancements in electronic devices (Ref 4). Current techno-
logical challenges for these materials focus on improving
synthesis processes to achieve stable Magnéli phases and
enable their industrial scalability (Ref 5, 7-18).

Traditional synthesis methods for those titanium suboxides
are based on reduction reactions of TiO, under controlled
atmospheres, temperatures ranging between 850 and 1300 °C,
and dwell times from 3 h to 1 week (Ref 13, 19, 20). These
reduction reactions can be classified depending on the reducing
reagent used as follows: (i) carbothermal synthesis which uses
black carbon (Ref 21) or the by-product of organic compounds
degradation, such as PVA, as the source of the carbon to be
used as a reducing reagent to produce Ti,O,n-1 phases (n = 2,
3,5, 6, and 9) (Ref 4) in processes conducted under vacuum
conditions or inert atmospheres, (ii) reduction by thermal
treatment using hydrogen as reducing reagent, which is usually
obtained from ammonia decomposition (Ref 3) or provided as
element blended with an inert gas (Ref 5, 10), (iii) metallother-
mic reduction using high potential reductive metals as reducing
reagents such as aluminum, magnesium, calcium, sodium, or
titanium (Ref 4, 20), (iv) hydrothermal synthesis using TiCl; as
precursor and L-ascorbic acid as reductive reagents (Ref 22),
(v) sol—gel synthesis from titanium tetrabutoxide as precursor
(Ref 23), and (vi) electrochemical reduction using titanium as
anode and a carbon rod as cathode immersed in an 0.3 wt.%
NHA4F electrolyte (Ref 18).

There are also reports of titanium suboxides films containing
Magnéli phases, such as Ti;Os and TiyO,, fabricated by
physical vapor deposition (PVD) from a metallic titanium target
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under a poor oxygen atmosphere (Ref 4). Thermal spraying
processes have also made their contributions to the Magnéli
phases production (Ref 24), as it was reported by Ctibor, et al.
(Ref 25, 26) and Jaramillo, et al. (Ref 27) who obtained this
kind of phases in coatings fabricated through plasma spraying
from commercial TiO, powders (Ref 25-27).

The importance of introducing H, into the plasma jet as a
reductive reagent was documented by Berger (Ref 28), who
reported the formation of Magnéli phases in atmospheric
plasma spraying (APS) and high-velocity oxygen fuel (HVOF)
processes. Recently, APS was used to synthesize nanosized
particles of typical titanium suboxides (Ti;O; and TisOg) from
commercial metatitanic acid (H,TiO3) powders in argon and
Ar/H, plasmas. The raw materials were sprayed inside a
cooling chamber and subsequently filtered. It was found that an
increase in H, favored the formation of Magnéli phases
(Ti,O,.1, Where n < 3) (Ref 29). Peila, et al. (Ref 30)
manufactured thermally sprayed coatings through a highly
oxidative oxyacetylene flame from a titanium suboxides
powder finding out that Magnéli phases present in the coatings
were richer in oxygen than the phases observed in the raw
powders. According to the above, it can be noted that the
atmosphere (gases and temperature) in which particles are
sprayed promotes the loss of oxygen to reduce titanium dioxide
(TiO,), producing Magnéli phases. However, under proper
atmospheric conditions, it is also possible for those suboxides
to be oxidized, resulting in the production of titanium dioxide.

This background evidence indicates that thermal spraying
processes provide alternative methods for obtaining titanium
suboxides directly in coatings on a wide range of surfaces, in less
time than traditional methods. Furthermore, in the case of
oxyacetylene flame spraying, as proposed in this paper, it can be
done at a low cost. Considering the information mentioned
above, this research was conducted to evaluate both the effect of
oxyacetylene flame type and the particle sizes on the formation
and transformation of Magnéli phases during the manufacture of
thermally sprayed coatings, with potential electrical applications.

2. Materials and Methods

In order to study the formation and transformation of
Magnéli phases by flame spraying process, two titania powders
were used as feedstock. The first of them consisted on an 18-nm
average particle size powder fabricated by the US Research
Nanomaterials (US-RN), which was agglomerated in the
laboratory by pelletization method in order to obtain granules
of micrometric size distribution. The granules obtained were
dried at room temperature and sieved to extract three different
particle size fractions: 45-75 pm, 75-106 um, and 75-150 um
that were named as fine, medium, and coarse, respectively.
Since the granules obtained by pelletization are sufficiently
compacted, and therefore, their mechanical strength is enough
to be used as feedstock in the manufacture of thermally sprayed
coatings, they do not require sintering heat treatment after
agglomeration (Ref 31). The other powder used was Oerlikon
Metco 6231A™ (OM 6231A) which, according to the manu-
facturer’s description, is agglomerated and sintered (Ref 32).
The agglomeration is accomplished by the spray-drying process
(Ref 33). The particle size distribution of this powder was
determined by laser diffraction (LD) with a Malvern Master
Sizer 2000 equipment.
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Granules obtained by pelletization of the US-RN nanopar-
ticles and OM 6231A powders were tested by wavelength-
dispersive x-ray fluorescence (WD-XRF) using a Thermo
Fisher SCIENTIFIC ARL™ OPTIM’X spectrometer to deter-
mine their chemical composition. Crystalline phases of the
powders and sprayed coatings were identified by x-ray
diffraction (XRD) with the PANalytical X’pert High Score
software from the results obtained with an x-ray diffractometer
of the commercial brand Malvern-PANalytical Model Empyr-
ean 2012. The XRD diffractometer has a three-dimensional
detector, with a Co (1.79 nm) source operating at 40 kV and
40 mA for the US-RN nanoparticles and Cu source (1.54 nm)
operating at 45 kV and 40 mA for OM 6231A powder and
coatings. The tests were carried out using steps each 0.05° and
time per step of 52 s. The results obtained with the cobalt
source were converted to their equivalents for the copper
source.

Phases quantifications were carried out by the Rietveld
method using the Material Analysis Using Diffrac-
tion—MAUD software. The code of each one of standards
used to identify and quantify the crystalline phases in powders
was: COD 96-900-9087 and COD 96-901-4170 for anatase
phase and sulfur, respectively, in the US-RN, as well as, the
ICSD 01-076-1690 and COD 96-100-8049 were used for TisOq
and TiyO;, respectively, in OM 6231A. Additionally, the
standard used to coatings was: ICOD 01-071-1169, COD 96-
101-0943, and COD 96-900-8214 for anatase phase, ICOD 01-
077-0441, ICSD 98-002-4277, ICSD 98-016-5923, COD 96-
900-1682, and COD 96-900-9084 for rutile phase, COD 96-
152-0784 for TigO;7, COD 96-100-8197 for Ti;O;3, ICOD 01-
076-1690 for TisOy, COD 96-152-7760, ICOD 01-072-1722,
and ICSD 98-001-6297 for TizO,, ICSD 98-007-5193 for
Ti30s, and ICOD 01-073-1117 for Ti3O.

The chemical composition and the local bonding of the
titanium atoms in the coatings were verified using an x-ray
photoelectron spectrometer (NAP-XPS) Specs brand, equipped
with a PHOIBOS 150 1D-DLD analyzer and a monochromatic
Al-Ka (1486.7 eV, 13 kV, 100 W) source. The analyses were
performed with step energy of 86.6 ¢V for the general spectra
and 20 eV for the high-resolution spectra, the step was 1 eV for
the general spectra and 0.1 eV for the high-resolution spectra.
Prior to measuring the XPS data, the sample surface was
cleaned by in situ Ar + ion etching for 600 s at a gun ion
energy of 5 keV to remove surface contaminants that accumu-
lated on the coatings during handling. Five cycles of analysis
were performed for the general spectra and 20 cycles for the
high-resolution spectra. The spectrometer was calibrated using
the Ag-3d5/2 peak at 368.53 eV. XPS high-resolution peaks
were de-convoluted by a fitting routine including Shirley
background subtraction and mixed Gauss—Lorentz function
(using CasaXPS software). Scofield relative sensitivity factors
were used to correct the atomic percentages calculations.

On the other hand, the powders’ morphology and coatings
structure were analyzed by scanning electron microscopy
(SEM) using a JEOL JSM-6490LV microscope.

Agglomerated granules of the US-RN nanoparticles and OM
6231A powder were flame-sprayed on a silico-aluminous
ceramic substrate using a Eutectic Terodyn 2000™ torch. The
coatings were manufactured setting the spray parameters
determined from previous experiments such as the kind of
flame produced by the torch through the combustion gases
ratio, spraying distance, speed between the torch and the
substrate, and the powders’ flow rate. Two kinds of flames were
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Table 1 Flame spraying parameters

Feedstock Flame Particle size Spraying Sample
powder type fraction distance [cm] code
A: US-RN Oxidizing Medium 7.5 Aom7s
Pelletized  Neutral Coarse Ane7s
Medium ANm75
Fine AN—f7.5
B: OM Neutral Fine-medium 9.0 Bn-fmo
6231A Oxidizing Fine—medium Bo-fmo

used to manufacture the coatings: (i) An oxidizing flame
produced by the 1:2.5 acetylene:oxygen volume ratio, and (ii) a
neutral flame produced by 1:1.7 acetylene:oxygen volume ratio.
Manufactured coatings were codified according to the sprayed
powder (A if the US-RN or B if OM 6231A), the type of flame
(O if oxidizing and N if neutral), the particles size fraction (c if
particles are coarse, m if they are medium, and f if they are
fine), and the spraying distances (7.5 and 9 cm) as it is
indicated in Table 1.

The flame types listed in Table 1 were produced by feeding
22 1/min of acetylene at 0.08 MPa into the nozzle of the torch
and blended with 37 1/min and 55 1/min of oxygen at 0.34 MPa
for the neutral and oxidizing flames, respectively. The sub-
strates used were 25 mm in diameter and 6-mm thick disks
extracted from a silico-aluminous brick. These substrates were
positioned in front of the torch at the specified spraying
distance mentioned in Table 1. Prior to the spraying process, the
substrates were preheated to approximately 350 °C by passing
the flame in front of them while they rotated at a speed of
116 rpm. Feedstock powder was injected into the flame using a
nitrogen stream of 17 L/min at a pressure of 0.27 MPa as the
carrier gas. This process resulted in feedstock powders spraying
at a relative speed with respect to the substrates of 0.59 cm/s for
250 s, performing 10 passes of the torch in front of the
substrates (four preheat and six spraying passes), to cover a
surface of 344.8 cm? with a layer of 153 4 36.8 micrometers.

The electrical resistance (R) of coatings was measured on
their surface by four-point probe method by applying ramps of
direct current (DC) between 0 and 2 uA in steps of 0.1 pA
using a KEITHLEY 6221 programmable current source, with a
sensitivity from 100 fA in a range from 4 pA to 210 mA. The
voltage responses were measured using a KEITHLEY 2182A
programmable nanovoltmeter, which is capable of reliably and
reproducibly measuring signals ranging from 1 nV to 100 V.
To conduct the measurements, four short copper wires were
attached with silver paint to points located near the edge of each
coating, forming the corners of a rectangle. Current was applied
through two of the wires, while voltage was measured across
the two opposite wires. This procedure was performed for two
samples of each coating. The slope of the curve that describes
the relationship between the voltage and current signals
corresponds to the electrical resistance of the coating, as
governed by Ohm’s law.

Finally, the manufactured coatings were embedded in an
epoxy resin and cut using a Buehler 15 LC diamond blade to
obtain cross-sections. These cross-sections were then ground
and polished following the ASTM E1920-03 (2021) standard to
prepare them for observation of the coating’s structure by SEM.
The results of this observation will be presented in section 3.2.
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3. Results

3.1 Feedstock Powders

According to the results of chemical compositions con-
ducted by XRF on the US-RN nanoparticles and OM 6231A
powder, as presented in Table 2, it was possible to determine
that the feedstock powders used for manufacturing the coatings
consisted primarily of TiO,, along with other compounds such
as CuO, CaO, P,Os, and NiO. In the US-RN nanoparticles,
some traces of SO3; were also detected.

Crystalline phases identified by XRD in the feedstock
powders are shown in Fig. 1, and their respective compositions
are presented in Table 2. It is evident from this table that the
US-RN nanoparticles primarily consist of anatase with low
quantities of other compounds such as sulfur oxide and non-
crystalline TiO,. On the other hand, the OM 6231A powder is
composed of TiyO; and TisO9 phases, which correspond to
titanium suboxides known as Magnéli phases (Ref 1).

Sigma and R, quality factors obtained for the Rietveld
analysis XRD are 1.4 and 2.7, respectively, for the US-RN
nanoparticles while they are 1.4 and 3.2 for the OM 6231A
powder. These values indicate highly reliable results for the
quantification of crystallographic phases in the analyzed
powders since they are below 2 for sigma and below 15 for
Reyp (Ref 34, 35).

Moreover, the morphological analyses conducted on the
granules obtained by pelletization from the US-RN nanopar-
ticles and the OM 6231A powder revealed that they have a
rounded shape, and their size distributions are in the micro-
metric range. Furthermore, it was observed that each granule of
these powders is composed of small particles. In the case of the
granules obtained from the US-RN nanoparticles, these small
particles are in the nanometric range. For the OM 6231A
powder, the small particles are submicrometric and exhibit
evidence of sintering necks, as depicted in Fig. 2.

Regarding to particle size distribution analysis carried out to
OM 623 1A powder, the results indicate that the d;o-dgg interval
corresponds to 44.9-102.5 um. This particle size distribution
covers both the fine and medium fractions (45-75 um and 75-
106 um) obtained by sieving for pelletized granules from the
US-RN. Despite TiO, could be present as anatase, rutile, or
brookite (Ref 36), others researchers indicated that anatase
appears as a stable phase when the particle size is smaller than a
critical size (6.9 ~ 22.7 nm) (Ref 37-39).

The aforementioned elucidates why the TiO, granules
obtained through pelletization from the US-RN nanoparticles,
with an average particle size of 18 nm, predominantly consisted
of the anatase phase, accounting for 98.8 wt.% of the
composition. In contrast, the presence of TizO; and TisOg
Magnéli phases in the granules of OM 6231A suggests that
these phases might have been formed during the sintering
process employed to bind the submicrometric particles that
constitute them.

3.2 Manufactured Coatings

SEM results obtained from the observation of the cross-
sections of the manufactured coatings indicate that their
structures are composed of lamellae, pores, and cracks. These
features are typical characteristics of thermally sprayed coatings
(Ref 24, 40). Despite the use of two different TiO2 powders
with varying particle size fractions, two types of oxyacetylene
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Table 2 Chemical composition and phases of feedstock powders used to manufacture the coatings samples

Chemical composition, wt.%

Phases content, wt.%

Feedstock powders TiO, SO; Others TiO, anatase Sulfur oxide! Ti O, TisOo
US-RN 99.234+0.04 0.3840.02 0.39 98.8 +£0.0 1.2 +£0.2 .
OM 6231A 99.9140.02 0.09 58.48 +£5.69 41.51 £ 0.0

'This phase includes low quantities of other non-crystalline oxides, including TiO,
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Fig. 1 XRD patterns obtained for the feedstock powders. (a) US-
RN. (b) OM 6231A

flames, and two different thermal spraying distances, as
specified in Table 1, no significant changes were observed in
the structure of the six manufactured coatings. Figure 3
illustrates the representative structure of the manufactured
coatings.

The results of phases identification and quantification in
each coating are shown in Table 3.

Both sig. and R, Rietveld quality factors are ranged
between 1.6 and 2.0 and between 3.2 and 3.8, respectively. The
above indicates that the values reported in Table 3 are reliable,
since the criteria established for the goodness of fitting for
Rietveld refinements performed with MAUD are sig. < 2 and
Rexp < 15 (Ref 34, 35). The high values of standard deviation
calculated for some of the phases can be attributed to their low
crystallinity. In this table, the crystalline phases are presented
from top to bottom in decreasing order of O/Ti ratio from the
most oxidized (TiO,, in anatase and rutile phases, with an O/Ti
ratio of 2), to the most reduced (TizO, with an O/Ti ratio of 0.3).

The results of the XRD analyses reveal that the TiO, in the
form of anatase phase present in the US-RN agglomerated
powder undergoes transformation during the manufacturing of
the coatings using the oxyacetylene flame. This transformation
leads to the formation of both TiO, rutile and Magnéli phases
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of the type Ti,O,,.1, as depicted in Fig. 4. Specifically, the
Magnéli phases produced in the coating manufactured using the
oxidizing flame were TigO;7; and Ti;O,3, whereas in the
coatings sprayed with the neutral flame, the Magnéli phases
observed were Ti;0,3, Ti4O7, and even Ti;0.

The deconvoluted high-resolution XPS spectrum of An.¢75
sample, which is representative of coatings manufactured from
the US-RN agglomerated powder, showed three contributing
peaks in the Ti 2ps,, region shifted to higher binding energy
accompanied by a broadening, which reveals the formation of
Ti-O bonds, as it is shown in Fig. 5a. The two main peaks,
located at 457.02 eV and 457.44 eV, correspond to Ti" in
Ti,O3 (Ref 41-43) and Ti4O; (Ref 20). The third peak at
457.96 eV is assignable to Ti"™ in TiO, rutile phase (Ref 43).
As the binding energy is shifted to higher energy, higher
oxidation level is observed in the formation of the titanium
oxide compounds in the coatings. High-resolution peaks in the
Ols region (not shown here) shifted in the binding energy
confirm to the formation of these Ti-O bonds.

Moreover, the results obtained for the coatings sprayed from
the OM 6231A powder indicate that a portion of the Ti;O; and
TisO9 Magnéli phases present in the feedstock particles
underwent an oxidation process, resulting in the production
of TiO; in the rutile phase.

In addition, the Magnéli phases that were present in the raw
material and that did not undergo transformation, as well as low
amounts of Ti;Os and Ti3O, were detected in these coatings as
it is shown in Fig. 6.

The spin-orbit splitting of the Ti2p peak can potentially
overlap with compounds of a high oxidation state, resulting in a
complex XPS spectrum. This effect was observed in the
deconvoluted high-resolution XPS spectrum of the Bo.gmo
sample, as shown in Fig. 5b. However, the binding energies of
the main peaks in the spectra can be assigned to various
titanium oxide phases, which is representative of coatings
manufactured from OM 6231A powder. The shifted main peak
in the Ti 2p3/, region is located at 456.5 eV, and it is assignable
to Ti" in Ti,O; (Ref 44). Additionally, a peak at 458.6 eV
corresponds to Ti™ of rutile TiO, was identified (Ref 42-44).
Other peaks detected at lower binding energy (454.9 eV,
4542 eV, and 452.8 ¢V) are assignable to Ti” and Ti"? from
metallic titanium and TiO, respectively (Ref 45, 46). As it was
previously mentioned, the simultaneous presence of Ti"> and
Ti™, corresponding to Ti,O3; and TiO, rutile, respectively,
could be indicative of TiyO, occurrence, since the crystalline
structure of this Magnéli phase is composed by rutile blocks
interleaved with corundum-like Ti,O; layers (Ref 20, 41, 42).
The TiO identified from the XPS analysis may be present in
amounts below the detectable limits by XRD.

Finally, the results of electrical behavior of manufactured
coatings are shown in Fig. 7 and Table 3.
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Fig. 2 Morphology of granules used as feedstock to manufacture the TiO, coatings. (a) US-RN. (b) OM 6231A

20KV X500 50um 20KV X500  50um

(a) (b)

Fig. 3 Characteristic structure of the TiO, coatings manufactured. (a) Ao.,m7.5 sample. (b) Bo_gmo sample

Table 3 Results of the quantification of phases and electrical resistance of the manufactured coatings

Sample code

AO-m7.5 AN-c7.5 AN-m7.5 AN—W.S BN—f—mQN BO—fm9

Crystalline phases content (wt. %) TiO, (anatase) 2.1£0.0 0.5+0.0 0.3+0.2 .

TiO;, (rutile) 10.6+0.0 19.8+1.4 17.2+2.6 26.6+0.0 1.8+0.0 20.14+0.0

Tis047 31.942.9

Ti;Oy3 57.5+4.2 78.14£9.1 82.3+12.3

TisOg 35.8+3.1 28.2+1.2

Ti, O 723 +£29 52.743.6 50.4+1.4

Ti;Os 1.940.5 0.840.3

Ti;O 0.8+0.1 0.8+0.2 0.4+£0.1
Rietveld fitting parameters Sig. 1.9 1.8 2.0 2.0 1.6 1.8

Rexp 3.7 32 32 34 3.8 3.8
Electrical resistance, Q 13.3£0.5 5.4+£0.1 4.540.1 3.6+0.0 2.1+0.0 1.6£0.1
4. Discussion through the transformation of the anatase phase present in these

feedstock particles. This transformation occurs upon heating
from 400 °C (Ref 47, 48). Furthermore, the Magnéli phases
identified in the coatings manufactured using both the oxidizing
flame (TigO;7 and Ti;O;3) and the neutral flame (Ti;O;3 and

According to the results of phase identification and quan-
tification, it has been determined that in the coatings manufac-
tured using the US-RN powder, the rutile phase is produced
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Fig. 4 XRD patterns of the US-RN nanoparticles and the coatings
sprayed from them

TizO7), as well as the small amount of TizO in the latter, are
formed due to the reducing effect of both hydrogen and carbon
monoxide present in the oxyacetylene flame used for spraying.
Oxyacetylene flames used in the thermal spraying process
are produced in two stages. In the first stage, regardless of
whether the flame is oxidizing or neutral, an equimolar mixture
of acetylene and oxygen reacts, generating the primary zone of
the flame with an inner light blue cone. In this zone, carbon
monoxide and hydrogen are formed according to Reaction 1
(Ref 40, 49, 50).
2C,H,; + 20, — 4CO + 2H, (Eq 1)

The maximal temperature is achieved in the primary zone
for a neutral flame, reaching approximately 3170 °C, with a
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length of 6.8 cm. In contrast, the excess of oxygen added to
produce the oxidizing flame does not participate in the chemical
reaction mentioned earlier, but it does consume heat for its own
warming, thereby reducing the maximum temperature of the
primary zone to around 3080 °C. Additionally, the length of the
primary zone increases to 7.6 cm in the case of the oxidizing
flame (Ref 50, 51).

In the second stage of the reaction, the carbon monoxide and
hydrogen gas generated in the primary zone of the flame react
with the surrounding oxygen to form the secondary zone of the
flame. In this zone, carbon dioxide and water steam are
produced according to Reaction 2. The secondary zone of the
flame exhibits a plume shape and is characterized as the coldest
and least bright region of the flame.

4CO + 2H, + 30, — 4CO, + 2H,0 (Eq 2)

The overall result of oxyacetylene combustion produces
carbon dioxide and water steam as described in Reaction 3.

2CH; + 50, — 4CO, + 2H,0 + 1300 kJ/mol (Eq 3)

Based on this information, it can be stated that the available
oxygen in the oxidizing flame is insufficient to fully oxidize all
the carbon monoxide (CO) and hydrogen (H,) produced in the
primary zone of the flame. As a result, some oxygen atoms are
derived from the melted TiO, particles, leading to the formation
of Magnéli phases or titanium suboxides observed in the
coatings sprayed using both oxidizing and neutral flames. In the
coating sprayed with the oxidizing flame, the O/Ti ratio
changes from 2/1 in TiO, (anatase phase) present in the
feedstock powder to 2/1 in TiO, (rutile phase). Additionally, the
O/Ti ratios for Magnéli phases are 1.89/1 for TigO,7 and 1.86/1
for Ti;O3. In the coatings manufactured using the neutral
flame, the O/Ti ratio obtained was 2/1 for TiO, in the rutile
phase. Furthermore, the O/Ti ratios for Magnéli phases were
measured as 1.86/1 for Ti;O3, 1.75/1 for Ti;O;, and 1/3 for
TizO. These ratios indicate that in the coatings manufactured
using the neutral flame, the TiO, reached a higher reduction
state compared to the coatings manufactured using the oxidiz-
ing flame.

The reduction state of TiO, increases with a decrease in the
particle size fraction used to spray the coatings. Consequently,
when the particle size fraction decreased from coarse to
medium in An.c7s and An.m7.s samples, the percentage of the
Ti;O;3 phase increased from 78.1 £+ 9.1 to 82.3 £+ 12.3 wt.%.
Likewise, when finest particles size fraction was used to
manufacture the coating (An.7s sample), a Magnéli phase
more reduced (Ti;O5) and Ti;O were obtained.

In addition, the sprayed coatings from coarse powders
evidenced some remaining percentage of anatase (An.c7s
sample) which reduces its content in coatings as the finest the
feedstock powder (An.75 An-.m7s, and An.gms samples)
favoring its transformation to rutile and Magnéli phases during
the coatings’ formation. Magnéli phases formation is regulated
by the heating limitations experimented in coarser particles
during their flight along the oxyacetylene flame. According to
some authors (Ref 40, 52), the speed attained by particles in an
oxyacetylene flame can reach up to 60 m/s. As a result, the
residence time during their flight along the 7.5 cm spraying
distance could be as short as 1.25 ms. As a consequence, the
low residence time of particles in the flame poses a limitation
for the transformation from anatase to Magnéli phases,
particularly for larger particles.
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Magnéli phases formation by reducing TiO, because of the
use of hydrogen gas as reducing agent at temperatures higher
than 1000 °C has been described by other authors through the
Reaction 4 (Ref 16).

nTiO, + Hy — Ti,05,-1 + H,O (Eq 4)

The transformation of TiO, from the anatase phase in the
US-RN agglomerated feedstock powder to both rutile and
Magnéli phases, such as Ti4O5, in thermally sprayed coatings
has been confirmed through the results of XPS analysis. This
confirmation is based on the observation of shifting and
broadening of the Ti2p high-resolution peaks, which corre-
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spond to the formation of several titanium oxides identified by
the binding energy of the deconvoluted peaks. The peaks
attributable to rutile, Ti,O3 and TizO7 as well as the absence of
a peak located at 459.5 eV in the Ti 2p;,, region, corresponding
to Ti™ of anatase phase indicate this. The Ti4O, Magnéli phase
has a unique structure in which the rutile blocks are interleaved
with corundum-like Ti,O5 layers, and this leads to oxygen
vacancy in the structure resulting in some lower valent and
unsaturated Ti> (Ref 20, 41, 42). Furthermore, considering that
the resolution depth of XPS analysis is typically only a few
nanometers due to the inelastic mean free path (1) of electrons
with kinetic energies in the range of several hundreds of
electron volts (eV), typically in the order of 10-25 A (Ref 53),
it is possible to conclude that the transformation from anatase to
rutile and Magnéli phases occurs even on the surface of the
coatings. This suggests that the particles on the surface, which
experience the least heat accumulation during the thermal
spraying process, undergo this transformation.

All the results mentioned above indicate that in both
oxidizing and neutral flames, the transformation of TiO, from
the anatase phase to rutile occurs at around 400 °C. Subse-
quently, at approximately 1000 °C, the anatase and rutile
phases further transform into titanium suboxides, specifically
Ti,Oz,.1, according to Reaction 5.

nTiOZ(Anatase) - nTiOZ(Rutile) + Hy — TiyOz1 + H20
(Eq 5)
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In the above reaction, for the oxidizing flame, the value of n
can be either 7 or 9. In the case of the neutral flame, when
spraying with coarse or medium particle size fractions, the
value of n is 7. However, when spraying with the fine particle
size fraction in the neutral flame, the particles experience higher
levels of heating, resulting in a greater reduction of TiO,. This
favors the formation of titanium suboxide with » = 4 and also
leads to the appearance of TizO in smaller quantities.

On the other hand, despite the absence of TiO, in the OM
6231A feedstock powder, its heating during the manufacturing
of coatings in both the neutral and oxidizing flames leads to the
production of TiO; in the rutile phase. The quantities of TiO,
rutile phase generated are 8.8 wt.% for the neutral flame and
20.1 wt.% for the oxidizing flame. In the OM 6231A powder,
the content of TisO; Magnéli phase is measured at
58.5 £ 5.7 wt.%, while the content of TisOy Magnéli phase
is41.5 + 0.0 wt.%. Meanwhile, in the coating By_t.m0, Sprayed
using the neutral flame, these Magnéli phases are present in
52.7 £ 3.6 wt.% and 35.8 & 3.1 wt.%, respectively, and in the
sample Bo_tmo, manufactured with the oxidizing flame, the
content of those phases is 504 £ 1.4 wt% and
28.2 £+ 1.2 wt.%, respectively. The decrease in the percentages
of Magnéli phases (Ti;O; and TisOy) in the coatings compared
to their presence in the feedstock powder indicates that the
formation of the rutile phase occurred at the expense of these
Magnéli phases. The higher oxidation of the Magnéli phases,
leading to the formation of rutile in the coating sprayed using
the oxidizing flame, could be attributed to the excess oxygen
supplied to the primary zone of this flame.

Oxidation of Magnéli phases (Ti4O; and TisOg) from OM
6231A feedstock powder to produce rutile in the thermally
sprayed coatings has been confirmed through the analysis of the
peaks identify by XPS, corresponding to Ti** in Ti,Os, Ti™* of
TiO, rutile phase, Ti"? from TiO, and Ti® of metallic titanium.
As indicated in the results section, the occurrence of peaks
corresponding to Ti,Oz and rutile phase may be indicative of
the presence of the Magnéli phase TiyO; (Ref 20, 41, 42). This
would indicate that part of the rutile phase forms the
intercalated blocks that give rise to the Magnéli phase, and
another part corresponds to rutile as detected in the XRD
analysis.

As mentioned earlier, the simultaneous presence of Ti*" and
Ti*", corresponding to Ti,O3 and TiO, rutile, respectively, can
be indicative of the occurrence of TizO. This is because the
crystalline structure of the TizO; Magnéli phase consists of
rutile blocks interleaved with corundum-like Ti,O3 layers (Ref
20, 41, 42).

Based on the findings, it has been established that during the
heating of Magnéli phases, the oxidation process is favored
over further reduction of titanium suboxides. This suggests that
the transformation from rutile to Magnéli phases in Reaction 5
is reversible, as demonstrated in Reaction 6.

Ti,02,-1 + Hy0 — nTiOyrysiie) + Ha2 (Eq 6)

In Reaction 6, the water vapor necessary for the oxidation of
the Magnéli phases is supplied by the products of Reaction 3,
which occur in the secondary zone of the flame. This secondary
zone is generated after the primary zone, extending for a
distance of 7.6 cm. To promote the flight of particles through
the secondary zone after passing through the primary zone, the
spraying distance was increased from 7.5 cm for the coatings
manufactured with the US-RN powder to 9 cm for those
manufactured using the OM 6231A feedstock material. The
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oxidation of Magnéli phases sprayed using an oxyacetylene
flame has been previously reported by other authors (Ref 30).

The results of electrical resistance measurements (R)
demonstrate that as the percentage of more reduced Magnéli
phases increases in the coatings, the electrical conductance (1/
R) also increases. This confirms the high conductivity of Ti4O
and TisOg phases, as previously reported by other authors (Ref
4, 54). The structure of TizO5, which consists of rutile blocks
interleaved with corundum-like Ti,O3 layers, creates oxygen
vacancies within the crystal lattice. These oxygen vacancies can
cause contraction in the lattice, leading to overlapping of the 3d
orbitals of titanium. This overlap broadens the conduction
band, facilitating the conduction of electric charge. Hence, the
presence of oxygen vacancies in Ti4O; contributes to its high
electrical conductivity (Ref 20, 41).

The electrical conductance of the coatings thermally sprayed
from the OM 6231A powder is primarily driven by the
presence of the TiO phase, as detected by XPS analysis. The
TiO phase exhibits conductivity values that are ~ 3 times
higher than that of Ti4O; and 9 times higher than that of TisOq
Magnéli phases. This indicates that TiO plays a significant role
in enhancing the electrical conductivity of the coatings (Ref 4).

5. Conclusions

Formation and transformation of Magnéli phases during
ceramic coating manufacturing by flame spraying from feed-
stock powders containing TiO, as anatase phase and Magnéli
phases are analyzed in this paper. Coatings fabrication was
executed on a silico-aluminous ceramic substrate using both the
neutral and oxidizing flames of an oxyacetylene thermal
spraying process.

The results allow us to conclude that it is possible to
synthesize Magnéli phases through the flame spraying process
using TiO, powders in the anatase phase. Both neutral and
oxidizing flames can be utilized, with the neutral flame
achieving a higher degree of reduction, especially when using
smaller particles. The transformation of TiO, to TiOn g
Magnéli phases is reversible in both neutral and oxidizing
flames, resulting in the production of TiO, in the rutile phase.
Furthermore, the transformation of Ti,O5,.; to TiO, is more
effective in the oxidizing flame. TizO;, synthesized from
agglomerated nanoparticles of anatase, as well as the remaining
Ti;O; from OM 6231A powder, plays a significant role in
reducing the electrical resistance of the coatings. Additionally,
the presence of TisOy and TiO also contributes to the
enhancement of electrical conductivity in the thermally sprayed
coatings from OM 623 1A powder. Despite TiO being present in
smaller quantities, its higher conductivity greatly reduces the
electrical resistance of the coatings.
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