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Development of HVOF-sprayed nanostructured TiO, coatings for high temperature
applications
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R. S. Lima and C. Moreau, Boucherville, QC / Canada
E. Garcia, P. Miranzo and M. I. Osendi, Madrid / Spain

Titania (TiO,) coatings could be considered as candidates for high-temperature applications in the fields of wear,
corrosion and environmental barrier coatings (EBCs); however, high-temperature applications (=540°C) of titania
coatings are not pursued due to the usual presence of the anatase phase in the as-sprayed TiO, coatings. This
phase tends to impede the applications of these materials at high temperatures due to the stresses provided by the
critical anatase-to-rutile phase transformation at temperatures higher than 540°C, which would tend to generate
cracks in the coating microstructure, leading to premature coating failure. It was hypothesised that this barrier could
be overcome by the use of nanostructured TiO, coatings, due to their known high toughness and resilience levels.
Nanostructured TiO, powders were HVOF-sprayed. The high velocity levels of the HVOF-sprayed particles
generated a gas-tight microstructure (i.e., no through-thickness porosity). SEM pictures of the as-sprayed and heat-
treated coatings at 800°C-1 h did not show any significant signs of crack network formation, which may have been
prevented by the high toughness and resilience of these coatings. These coatings were also HVOF-sprayed on SiC

substrates and did not exhibit macroscopic signs of delamination after a 1400°C-1 h exposure in air.

1 Introduction
1.1 High temperature limitation

Titania (TiO;) thermal spray coatings are not
recommended to be used at high temperatures (above
540°C) due to the possibility of cracking as of result of
phase transformation [1]. It is recognized that this
cracking event is based on the titania
anatase/brookite-to-rutile phase transformation.
Anatase and brookite transform irreversibly to rutile at
temperatures from 400 to 1000°C [2]. Due to the lack
of plasticity and low resilience of ceramic materials,
this phase transformation tends cause cracking and
leads to failure of titania thermal spray coatings. This
is a similar case to that of the coating failure caused
by the y-Al,O5 to a-Al,0; phase transformation at high
temperatures (700-1200°C) in alumina thermal spray
coatings [3].

1.2 Controlling the phase transformation

One possible alternative to allow the application of
titania coatings at high temperatures (=540°C) is by
trying to produce a 100% rutile titania coating.
Bertrand et al. [4] employed air plasma spray (APS) to
produce titania coatings from spray-dried
agglomerated (anatase) titania powders. They
observed that the titania coatings exhibited a
combination of the anatase and rutile phases in the
series of microstructures. The anatase phase
represented the semi-molten particles in the spray jet
that were embedded in the coating microstructure
during deposition. Gaona et al. [5] produced titania
coatings from nanostructured powders using the high
velocity oxy-fuel (HVOF) technique. The
nanostructured powder exhibited anatase as the major
phase and a slight percentage of rutile. The HVOF-
sprayed coatings exhibited rutile as the major phase
and anatase as minor phase with its percentage in
volume varying from 12 to 26%. It was assumed that
the majority of the anatase phase found in the coating

microstructure was the result of embedding semi-
molten (anatase) particles during spraying. Therefore,
if a 100% rutile powder is thermally sprayed, it is
hypothesized that the coating would exhibit rutile as
the major phase, due to the fact that even semi-
molten particles embedded in the coating
microstructure would exhibit the rutile phase. A 100%
rutile coating would enable the application of titania
thermal spray coatings at temperatures higher than
540°C.

1.3 High toughness of nanostructured coatings

It has been shown that ceramic thermal spray coatings
produced from nanostructured agglomerated ceramic
powders tend to exhibit higher resistance to crack
propagation (toughness) than ceramic thermal spray
coatings produced from conventional ceramic
powders [6]. Consequently, these higher toughness
levels may allow these type types of coatings to
operate at higher temperatures ranges than those
allowed/recommended for conventional ceramic
thermal spray coatings. The higher toughness levels
may prevent major cracking resulting from the
anatase/brookite-to-rutile phase transformation.

1.4 Objective

The main objective of this work is to investigate the
possibility of using titania thermal spray coatings at
temperatures higher than 540°C. To achieve this
objective, an as-received and heat-treated
nanostructured titania powders will be employed.

2 Experimental procedure

21 Powder and HVOF spraying

The nanostructured titania powder (TiCP2, Altair
Nanomaterials Inc., Reno, NV, USA) exhibited a

particle size range from 15 to 45 pm. Each
microscopic particle was formed via spray-drying of



individual nano-sized titania particulates. More
information about the morphology of this type of
powder can be found elsewhere [6]. The feedstock
was sprayed using an HVOF torch (DJ2700-hybrid,
Sulzer Metco, Westbury, NY, USA) on low carbon
steel and SiC (Hexoloy SA, Saint-Gobain, Niagara
Falls, NY, USA) substrates. As-received and thermal-
treated batches of the nanostructured titania powder
were sprayed. The powder was heat treated in air at
1000°C for 1 h, using heating and cooling ramps of
500°C/h.

2.2  Microstructural evaluation

The microstructural characteristics and phase
composition of the powders and coatings were
evaluated via scanning electron microscopy (SEM)
and X-ray diffraction (XRD) using Cu Ka radiation
(step size of 0.05° and a step time of 2.5 s) for 26
values between 20° and 60°.

2.3 Heat treatment of the coatings

The as-sprayed coatings were heat treated at different
temperatures levels. The coatings were heat treated in
air at 600°C, 800°C and 1400°C for 1 h using heating
and cooling ramps of 350°C/h.

24 Mechanical properties

The microhardness values of the coatings were
evaluated via Vickers indentation (Micromet 11, Buehler
Ltd., Lake Bluff, IL., USA) using an indentation load of
300 gf for 15 s. The microhardness and elastic
modulus (E) values were also evaluated using Vickers
instrumented indentation (ZHU 2.5, Zwick GmbH &
Co. KG, Germany) using a maximum indentation load
of 500 ¢f.

3 Results and discussions

3.1  XRD evaluation of the powders

The as-received powder exhibited anatase as the
major phase and a slight percentage of rutile as

secondary phase. After heat treatment at 1000°C for 1
h all the anatase phase was converted to rutile, Fig. 1.
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Fig 1. XRD patterns of the as-received and heat-
treated nanostructured TiO, powder.

3.2 Structural integrity after 800°C/1 h

In order to evaluate the integrity of these coatings at
high temperatures, an HVOF-sprayed coating
produced from the as-received nanostructured TiO,
powder was heat treat at 800°C for 1 h. The anatase-
to-rutile phase transformation tends to reach its peak
at temperatures around 800°C [7]. Therefore, by
analyzing the structural integrity of the coating after
being exposed to this temperature level, it is possible
to observe the effects of the phase transformation on
the microstructure (cross-section), Fig. 2.

As observed in Fig. 2, there are no significant
differences in the visual appearance of the
microstructures before and after the high temperature
exposure. The percentage of the titania phases in the
as-sprayed and heat treated coatings was evaluated
via XRD using a formula developed by Berger-Keller
et al. [8]. The volume percentage of anatase (C,) is
given by: Ca = (8la/ (13Ig + 8l4)) X 100; where |4 and I
are the X-ray of the anatase (101) and the rutile (110)
peaks, respectively. According to this equation the
percentages of the anatase and rutile phase in the as-
sprayed coating were 23 vol% and 77 vol%; whereas,
for the heat-treated coating they were 11 vol% and 89
vol%, respectively (Fig. 3).



(b)
Fig 2. (a) As-sprayed and (b) heat-treated (800°C/1h)
coatings.

Therefore, the microstructure of Fig. 2b represents a
ceramic coating that is in an ongoing phase
transformation; however, there are no evident signs of
cracking, as would be expected for this type of
material. The porosity of both coatings analyzed via
imagine analysis is below 1%.
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Fig 3. XRD patterns of the as-sprayed and heat-
treated HVOF-sprayed coating of Fig. 2.

As previously stated, thermal spray ceramic coatings
produced from nanostructured powders tend to exhibit

higher toughness levels than those of conventional
coatings [6]. Consequently, it may have avoided crack
propagation in this experiment.

Moreover, the Vickers microhardness value (300 gf) of
the as-sprayed coating was 822 + 40 (n=10); whereas,
that of the heat-treated coating slightly increased to
899 £ 33 (n=10). This result also support the claim
that no major cracking occurred during heat treatment
and ongoing phase transformation.

3.3 Effect of powder heat treatment
By analyzing the XRD spectra of Fig. 4, it is observed

the presence of a secondary anatase phase in the
coating produced from the 100% rutile powder; Fig. 1.
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Fig 4. XRD patterns of the coatings produced from the
as-sprayed and heat-treated (1000°C/1h) powders.

The major objective for this experiment was to try to
produce a 100% rutile coating, which would not exhibit
phase transformation upon exposure to high
temperatures.

Therefore, during particle (splat) resolidification, some
anatase is formed from the melt. The coating
produced from the as-received powder exhibited 79
vol% of rutile phase; whereas, that produced from the
heat-treated powder exhibited 86 vol% of rutile.
Consequently, for this specific case, heat treating the
powder to form 100% rutile does not produce a
significant effect on the percentage of rutile phase
retained in the coating microstructure.

3.4  SiC substrates: titania coatings

Due to the promising results obtained up to
temperatures of 800°C, it was hypothesized that these
coatings could be employed at even higher
temperatures. Ueno et al. [9] investigated the
applicability of several ceramic materials (including
titania) as potential candidates to be employed as
environmental barrier coatings (EBCs) on Si-based
substrates. The authors reported that titania may
exhibit excellent water vapour corrosion resistance if
few or no defects are found in its structure.



Based on these considerations, the nanostructured
titania powder was HVOF-sprayed onto SiC
substrates.

The typical coating microstructure (cross-section) is
shown in Fig. 5. This coating is more porous than that
of Fig. 2a; however, at this magnification it was not
observed through-thickness porosity. This is a critical
issue concerning the protection of Si-based substrates
from water vapour at high temperatures [10].

Fig. 5. As-sprayed coating deposited on a SiC
substrate.

It is possible to observe that there is a gap at the
coating/substrate interface indicating that the coating
adhesion is not yet optimized, however, no
macroscopic signs of delamination were observed,
This type of coating was heat treated up to 1400°C (in
air) for 1 h to observe the temperature effects on the
microstructural characteristics and mechanical
properties. It is important to point out that this
temperature level is 75% of the melting point of titania,
which is 1855°C [2].

After the heat treatment, despite of the apparent non-
optimized adhesion (interface gap), the coating was
intact and adhered (i.e., no macroscopic signs of
delamination) to the SiC substrate surface (Fig. 6).

Fig. 6. Heat-treated coating in air (1400°C/1 h)
deposited on a SiC substrate.

3.5 Porosity increase at 1400°C

Surprisingly, it is possible to observe that the porosity
content of the as-sprayed coating (Fig. 5) increased
after heat exposure at 1400°C-1 h (Fig. 6). Itis
hypothesized that semi-molten nanostructured
(anatase) titania particles embedded in the coating
microstructure (approximately 20 vol%) shrank at high
temperature exposure at faster rates than those of the
previously fully-molten particles (coating matrix),
thereby increasing the porosity levels (i.e., a
differential sintering effect) visible at the magnification
used in this study. A similar case was previously
observed and reported for plasma-sprayed ZrO,-7wt%
Y,03 (YSZ) coatings produced from nanostructured
agglomerated powders [11]. This porosity increase
may also have originated and/or had a contribution
from the anatase-to-rutile phase transformation. The
density of anatase is ~3.84 glem®; whereas, that of
rutile is ~4.25 g/cm®. During the phase transformation
some voids may have been created in the zones
previously occupied by the lower density anatase
phase; however, no void formation was observed for
the heat-treated coating at 800°C-1 h (Fig. 2b).
Despite the porosity increase, it was not possible to
distinguish through-thickness open porosity
connecting the SiC substrate to the environment, i.e.,
this coating seems to be gas-tight.

3.6 Vertical cracking

Despite of the gas-tight structure, vertical cracking
was observed (Fig. 6). The vertical cracks were
probably caused by the difference of the coefficient of
thermal expansion (CTE) between the SiC substrate
and the titania coating. The CTE value of the SiC
Hexaloy substrate was measured from 200°C up to
1200°C (5.1 x 10 /°C) [12]; whereas, that of a
plasma-sprayed titania coating (conventional powder)
was measured from 25°C up to 1000°C (9.8 x 10° /°C)
[13]. If it is assumed that the CTE of the plasma-
sprayed conventional titania coating is somewhat
similar to that of the coating produced in this study
(Figs. 5-6), it can be hypothesized that the different
CTE values of the coating and substrate probably led
to the formation of vertical cracking. The CTE of the
HVOF-sprayed coating of this study will have to be
measured to test this hypothesis.

3.7 Mechanical properties

The Vickers microhardness and E values of the titania
coatings (such as that of Figs. 5-6) were measured
via instrumented indentation for the as-sprayed and
heat-treated coatings at 600°C and 1400°C for 1 h.
The data can be found in Table 1.

These results tend to agree with the microstructural
characteristics of the coatings shown in Figs. 5-6.
There is a slight increase in microhardness value and
a significant increase of E value for the coating heat-
treated at 600°C-1 h.



Table 1. Microhardness and E values measured via
instrumented indentation.

Coating H (GPa) 300 gf | E (GPa) 500 gf
(n=5) (n=5)
As-sprayed 70+04 100 + 10
600°C—1h 7.7+041 190 £ 21
1400°C—-1h 44+03 120 £ 11

However, the microhardness and E values exhibited a
noticeable decrease after the high temperature
exposure at 1400°C (in air) for 1 h. Based on the
differences of porosity levels between the as-sprayed
and heat-treated coating at 1400°C-1 h, the higher
porosity levels of the latter certainly contributed for
lowering the previous measured values. This lowering
of E value may be interesting for high temperature
applications at approximately 1400°C (e.g., EBC) , due
to the fact that the coating will tend to become more
compliant with thermo-mechanical stresses.

4 Conclusions

- The as-received nanostructured titania (TiOy)
powder exhibited anatase as the main phase
and a minor content of rutile. After a heat
treatment at 1000°C-1 h, the powder exhibited
only the rutile phase of titania.

- As-sprayed coatings produced from the as-
received and heat-treated powder exhibited
rutile contents of 79 vol% and 86 vol%,
respectively. Therefore, HVOF spraying a 100%
rutile powder does not guarantee the formation
of a 100% rutile coating.

- An HVOF-sprayed coating (77 vol% rutile)
produced from an as-received nanostructured
titania powder did not exhibit significant signs of
cracking or failure after being heat treated at
800°C-1 h (89 vol% rutile). This may be
considered as a promising result for anti-wear
applications. It is important to point out that
titania thermal spray coatings are not
recommended for applications at temperatures
higher than 540°C due to cracking as of result
of phase transformation.

- As-sprayed and heat-treated (1400°C-1 h)
HVOF-sprayed coatings on SiC substrates did
not exhibit macroscopic signs of failure (e.g.,
delamination). The coating heat treated at
1400°C became porous, although no evident
through-thickness porosity was observed, i.e.,
the coating was gas-tight. The porosity
formation may have been caused by the
differential sintering rates between semi-molten
nanostructured agglomerated particles
embedded in the coating microstructure and
the coating matrix (formed by fully molten
particles) and/or the anatase (lower density
phase) to rutile (higher density phase) phase
transformation.

- Vertical cracks were observed in the
microstructure of the heat-treated coating at
1400°C-1 h. The vertical cracks may have

formed due to the differences in CTE values
between the titania coating and the SiC
substrate.

- The porosity increase at high temperature
exposure (1400°C-1 h) lowered the E value of
the coating. This characteristic may be
important for high-temperature applications at
this temperature level (e.g., EBC) if a gas-tight
structure is maintained, because it will probably
enhance the compliance of the coating
regarding thermo-mechanical stresses.

- Based on the preliminary experimental
observations of this work, it is thought that
HVOF-sprayed TiO, coatings produced from
nanostructured powders may be potential
candidates for different types of high
temperature applications, including anti-wear
and EBCs.
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