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Abstract High-velocity oxy-fuel deposition stages of
titanium oxide coatings were analyzed and reported here.
For the first stages of deposition, process maps were used
to evaluate the influence of deposition parameters such as
stand-off distance (SOD), powder feed rate (PFR) and fuel/
oxygen ratio (F/O) on velocity and temperature of in-flight
particles. These parameters were then combined with par-
ticle size distribution (PSD) to further optimize the depo-
sition process considering the spray trace width and the
area covered by splats and non-molten particles as
responses. Furthermore, the structural, morphological and
mechanical characteristics either of single splats, clusters
of semi- and/or non-molten particles or coatings were
obtained by, x-ray diffraction, Raman spectroscopy, scan-
ning electron microscopy and nanoindentation. During
coating build-up, lower PFR and F/O induce more splat
particles and fewer clusters of semi- and/or non-molten
particles, whereas the PSD affects the width of the spray
trace. The combination of F/O and SOD upper levels was
related to a high percentage of TiO, splat deposition.
Finally, the proposed methodology allowed to obtain dense
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TiO, coatings with a higher content of rutile phase and an
average thickness of 65 um.

Keywords Design of experiments - HVOF - Thermal
spray - TiO, coatings

Introduction

Titanium oxide (TiO,) is one of the most investigated
ceramics due to its excellent properties in different appli-
cations, such as photocatalysis, photoelectric devices,
hydrogen production, biomedical and corrosion protection
(Ref 1). As a coating, it is used to protect or to enhance
adherence (as a bond coat- BC) of the subsequent layers.
Among the techniques that have been reported to obtain
this kind of coatings are sol-gel, electrophoretic deposi-
tion, dip and spin coating, thermal spray techniques (Ref 2-
4). TiO, coatings deposited by thermal spray (TS) have
been studied either as a single layer (Ref 5-7) or as a BC
enhancing the adherence of topcoats (TC) with metallic
surfaces (Ref 8-11). Among the different TS technologies,
high-velocity oxygen fuel (HVOF) has demonstrated to
enhance the adherence and the crack propagation, stress,
and abrasion resistance of these coatings (Ref 12-14).

During the HVOF process, the in-flight particles
impacting the substrate are flattened and solidified in dif-
ferent shapes and sizes seeking to form disk-like shapes or
splats, which are the desired basic unit in the coating build-
up process. Additionally, other effects are observed upon
the impact of in-flight particles such as the formation of
clusters of semi- and/or non-molten particles, splashing,
rebounding, or imprints due to the projection of non-molten
particles (Ref 15, 16).
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The splats and coatings characteristics such as mor-
phology, adherence, chemical composition, microstructure,
etc., are defined by the combination of TS deposition
parameters: stand-off distance (SOD), powder feed rate
(PFR), fuel/oxygen (F/O) ratio, number of passes (NOP),
particle size distribution (PSD), total gas flow, among
others. From these parameters, the F/O, SOD, PFR, and
PSD are known to have an influence on the particle
velocity and temperature and thus coating quality (Ref 17-
21). A methodology based on a combination of process
maps and design of experiments (DoE) that includes the
analysis of variance (ANOVA) has been reported, where
temperature and velocity of in-flight particles are linked
with TS parameters giving significant information about
the deposition process and its relation with the final coating
characteristics (Ref 22-25).

TS parameters for the TiO, coating fabrication has been
already analyzed by DoE (Ref 26, 27). However, there are
no contributions to the analysis of the TiO, HVOF depo-
sition with the combination of process maps and DoE,
neither for the first stages of splat formation or for the
coating build-up.

In this work, the different stages of TiO, deposition
process by HVOF were addressed: firstly, by studying the
influence of F/O, PFR, and SOD on velocity and temper-
ature of the in-flight particles using first-order process
maps. Secondly, by analyzing the significance of these
parameters in combination with feedstock PSD and their
effects on the first stages of coating deposition, including
splats characteristics, covered area, and the width of spray
trace footprint. Finally, the outcomes of this analysis were
applied to deposit high-quality TiO, coatings.

Experimental Methods
Materials and Spraying Process

Fused and crushed TiO, powder with 99% of purity (Metco
102, Oerlikon Metco, USA) was used as feedstock. Two
PSD were studied during the experimentation: as-received
(dyp = 15.5 pm, dsp= 25.6 um, and dyg= 39.4 pm) and after
sieving passing through 500 mesh (d;o= 9.0 um, dso = 17.9
pm, and dog = 27.5 pm). 301 stainless steel plate samples
(8S301) with 1.0 x 1.0 x 0.3 cm were used as substrates.
Before the spraying process, the substrates were grit blas-
ted with alumina and heated at 300 °C (Ref 28). A DJ2700-
hybrid HVOF gun (Sultzer-Metco, USA) was manipulated
with a 6-axis robot (KUKA, GmbH, Germany). Propane
and nitrogen were used as fuel and powder carrier gas,
respectively. Details of TiO, spray conditions for the in-
flight particle temperature and velocity analysis and splat
fabrication are given in Tables 1 and 2. All experiments

Table 1 Parameters combination used in the velocity and tempera-
ture analysis

Condition PFR, g/min SOD, cm F/O
Cl1 12 15 0.14
c2 24 15 0.14
C3 24 30 0.14
C4 12 30 0.14
C5 12 30 0.27
Cc6 24 30 0.27
C7 24 15 0.27
C8 12 15 0.27

Table 2 Parameters combination used in the splat fabrication
analysis

Condition PFR, g/min SOD, cm F/O
R1 15 18 0.21
R2 20 18 0.21
R3 20 25 0.21
R4 15 25 0.21
R5 15 25 0.27
R6 20 25 0.27
R7 20 18 0.27
RS 15 18 0.27

were performed at a constant total gas flow of 627 LPM.
The F/O ratio was calculated based on Eq 1 (Ref 20).

fuel flow
Oxygen flow + 0.21 air flow)

7=1 (Eq 1)

Velocity and Temperature Measurement
and Analysis

The velocity and temperature measurements of the in-flight
particle were performed using the G3C AccuraSpray sys-
tem (Tecnar, Canada). The F/O, SOD, and PFR were used
as variables for a 2° factorial DoE. The higher and lower
values for each parameter were chosen based on previous
reports and the operating limits of the HVOF system (Ref
20, 29-31). The TiO, powder (as-received) was sprayed
under the parameters presented in Table 1 to construct
first-order process maps. The ANOVA was done to predict
the parameter combination to reach temperature of in-flight
particles close to the TiO, melting point (~ 1855 °C) (Ref
32) and highest possible velocity to avoid splashing effects.
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Splat Fabrication and Analysis

A reduced 2* factorial DoE was selected around the sta-
tistically predicted results in the previous analysis. The
combination of parameters is listed in Table 2. The studied
parameters were the SOD, PFR, F/O, and PSD of the
feedstock powder. The TiO, powder was sprayed onto
mirror-polished substrates (2.5 x 2.5 x 0.3 cm) by a sin-
gle spray pass.

Coatings Fabrication

TiO, coatings were fabricated on SS301 grit-blasted sub-
strates after 10 passes (NOP = 10) by using the combina-
tion of parameters selected from the splat fabrication and
analysis. Samples were deposited using the as-received and
sieved powder. Coatings were metallographically prepared
to analyze their cross sections by SEM.

Characterization and Analysis

PSD of TiO, powders in the as-received and sieved con-
ditions was measured by a HELOS/BR laser diffractometer
(Sympatec, GmbH, Germany). Measurements were per-
formed using a RODOS method for dry powder with air
pressurized at 0.2 bar. The morphology of the feedstock
powder, splats, and clusters of semi- and/or non-molten
particles, as well as cross-sectional coatings microstruc-
ture, was studied using SEM (XL30, ESEM-Philips) at
10 kV electron acceleration voltage and a secondary
electron (SE) detector. Structural characterization was
performed on the TiO, feedstock powder and coatings
using a DMax 2100 x-ray diffractometer (Rigaku, Japan)
with monochromatic CuK.. radiation (1= 1.5406 A)
operated at 30 kV and 20 mA. The XRD patterns were
recorded between 20° and 70° on a 20 scale, with a step
size of 0.02°, a counting time of 0.5 s and at 5° incidence
angle. The formation of TiO, splats and clusters of semi-
and/or non-molten particles formation was evaluated by
TH4-100 optical microscopy (OM) (Olympus, Japan) and
XL30 scanning electron microscopy (SEM) (Philips,
Netherlands). The percentage of the covered area was
analyzed using image processing with ImageJ® software.
The spray trace width was also measured and reported. The
elastic modulus (E) and hardness (H) of deposits at the first
stages were obtained using an Ubi-1 nanoindenter (Hysi-
tron, USA) and a diamond Berkovich tip. The maximum
load was 500 pN in a partial loading test with 5 cycles to
assure uniformity of the contact conditions with the dif-
ferent deposits. The number of indents was variable
depending on the available tested deposits. The results
were evaluated following the Oliver and Pharr method (Ref
33). Furthermore, Raman spectra of the feedstock powder
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and the first particles deposited on the substrate were
recorded with a micro-Raman spectrometer LabRam HR-
800 (Horiba Jobin-Yvon, Japan) with a He-Ne laser
(=632.8 nm) of 20 mW incident power and 1 pm spot
size. All spectra were normalized to the intensity of the
420 cm ™' band. The obtained results allowed to feed the
DoE and subsequently, an ANOVA of the reduced 23
experimental design was performed to predict the combi-
nation of parameters. The final goal is to obtain higher splat
formation events and reduce the number of clusters of
semi- and/or non-molten particles seeking to fabricate a
wider spray trace.

Results and Discussion
Feedstock Powder Characteristics

Figure 1 shows the SEM micrographs (Fig. 1a and c¢) and
cumulative particle size distribution (Fig. 1b and d) of the
feedstock (TiO, Metco 102) for as-received and sieved
powder, respectively. The powder morphology is irregular
with flat faces and pronounced corners at the edges, which
is expected due to its fabrication process (Fig. la and c).
Figure 1(b) and (d) shows the reduction of particle size
distribution after the sieving process. The 90% of the
cumulative distribution of the particles was measured with
a maximum size of 39.4 um for as-received powder
(Fig. 1b) and 27.5 pm for the sieved sample (Fig. 1d).
Geometry and size distribution of particles are relevant
because of their effect on the coating build-up due to their
interaction with the gas flow during the HVOF process (Ref
34, 35). It has been reported that the feedstock character-
istics have a direct influence on the coating properties, such
as porosity, thickness, adherence, among others (Ref
14, 36). However, to the author’s knowledge, no reports are
available describing the influence of the PSD on the first
stages of deposition of TiO, coatings by HVOF.

Therefore, feedstock characteristics together with other
process parameters described above have a direct influence
on the velocity and temperature of the in-flight particles,
which in turn will impact the properties of the HVOF TiO,
splats and coatings (Ref 37).

Velocity and Temperature Analysis

The influence of the parameter’s combination on the
velocity and temperature of in-flight particles was evalu-
ated using first-order process maps (Fig. 2). Fig-
ure 2(a) shows the selected parameter combinations that
include SOD, F/O, and PFR. As a result, velocity and
temperature of the in-flight particles for a SOD = 30 cm
are in the range of 580-720 m/s and 1485-1496 °C,
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Fig. 1 Typical SEM micrographs and cumulative particle size distribution of (a, b) as-received TiO, powder and (c, d) sieved powder
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Fig. 2 Two-level factorial design and its corresponding first-order process map using powder in as-received conditions. (a) selected parameters
and levels, (b) particle velocity and temperature variations from C3, C4, C5, C6 and C1, C2, C7, C8 experiments, respectively

respectively (Fig. 2b). Reducing SOD to 15 cm, the  entrance chamber, increasing the gas temperature and
velocity and temperature increased to 910-1100 m/s and  velocity and in consequence, the correspondent momentum
1650-2200 °C (Fig. 2b). Furthermore, the velocity and and temperature of in-flight particles (Ref 38). This
temperature of the particles increased with higher F/O ratio  behavior has been reported elsewhere for Al,O3 coatings
in both working SOD (15 and 30 cm) (Fig. 2b). F/O ratio  obtained by HVOF, where velocity and temperature of the
increments affect the combustion reaction within the  particles increased by 100 m/s and 150 °C, respectively,
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for F/O going from 0.15 to 0.27 (Ref 39). PFR had no
significant effect on the particle temperature and velocity
except for C7 and C8 combination of parameters, where
the particle velocity decreased with lower PFR. Moreover,
the velocity and temperature decreased as expected with
higher SOD values, as a result of the kinetic energy loss
due to the reduction of the gas drag force over the particles
and the air counterforce in the HVOF process (Ref 40, 41).

If the residence time of the particle in the flame is
enough to melt and complete the droplet formation, a too
high impact velocity of the particle will generate instabil-
ities during the splat flattening and in consequence
splashing (Ref 42). Based on this and the results obtained
from the first-order map, an ANOVA was performed to
predict the parameter’s combination seeking an in-flight
particle temperature close to the melting point of rutile
TiO, (~ 1855 °C) and the highest attainable velocity to
avoid splashing effects.

The obtained parameter combination was SOD= 21.87
cm, PFR = 20.36 g/min and F/O= 0.239. A reduced two-
level factorial design of experiment around this parameter
combination was established (Fig. 3a) and its parameters
are presented in Table 2. Figure 3b shows the corre-
sponding process map. The obtained velocity and temper-
ature of the in-flight particles deposited under the new
proposed sets of parameters were between 738-937 m/s
and 1515-1960 °C. The influence of the SOD and F/O on
the in-flight particle characteristics agrees with the previ-
ous first-order process maps analysis (Fig. 2b).

A complementary experimental evaluation was under-
taken using as-received TiO, powders at fixed PFR and
F/O parameters and is shown in Fig. 4, in which velocity
and temperature evolution as a function of the SOD were
evaluated. The velocity and temperature of the particles
dropped by 300 m/s and 140 °C by increasing the SOD
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showing a linear (Adj. R* =0.971) and an exponential
(Adj. R* = 0.991) trend, respectively.

The used diagnostic measurement is based on the G3C
AccuraSpray system ensemble measurement method. This
system measures the average of particles temperature and
does not distinguish between individual particles (Ref 43).
Despite the lack of information regarding the shape or
width of the particle temperature distribution by using the
ensemble technique, the measurement accuracy of the
AccuraSpray system compared to single-particle methods
has been demonstrated (Ref 44). Moreover, the ensemble
method is insensitive to the movement of the spray pattern,
it can be used for heavily loaded HVOF processes (Ref 45)
and the time of response is shorter than in other techniques
(Ref 46). Hence, considering the mentioned facts, the study
of the influence of the parameter’s combination on the
relative in-flight particle velocity and temperature using the
G3C AccuraSpray diagnostic system can be regarded as
reliable.
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Fig. 4 Stand-off distance effect on the velocity and temperature of
TiO, particles of as-received powder
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Splat Fabrication and Analysis

From the reduced two-level factorial design of experi-
ments, the R4 and R8 spray conditions show the combi-
nation of the lower and higher velocities and temperatures
of the in-flight particles, 748 m/s-1516 °C and 937 m/s-
1977 °C, respectively. Optical micrographs at two magni-
fications of the first impacted and deposited particles using
the as-received feedstock powder under R4 and RS
parameters combinations are presented in Fig. 5. A higher
fraction of disk-like splats is noted using R4 (Fig. 5a)
compared to R8 condition (Fig. 5¢). Higher magnification
micrographs allow seeing a more significant splashing
effect and the presence of small melted particles or sub-
splats (Ref 42) under R8 (Fig. 5b) in contrast to R4
(Fig. 5d). This is a consequence of a combination of high-
velocity and high-temperature conditions from the in-flight
particles. Thus, considering the morphology, size, and
occupied area of splats, the R4 parameter combination was
selected for further analysis of the first stages of deposition.

SEM micrographs at different magnifications of
impacted particles during the first stages of deposition with
both PSD are shown in Fig. 6 evidencing the formation of

deposits with a different melting degree. The PSD of the
feedstock powder shows a clear effect on the deposits type.
For instance, for the R4 condition, the as-received powder
confirms a higher combination of molten (smaller ones)
semi-molten and non-molten (bigger ones) deposits,
resulting in splashing and clusters of semi- and/or non-
molten particles (Fig. 6a and b). In contrast, under the same
deposition conditions, the sieved powders lead to a higher
density of splat-shaped deposits (Fig. 6¢ and d).

The nature of these first deposits can be identified
comparing their mechanical properties with those of the
TiO, in bulk form. The nanoindentation analysis of the
deposits is shown in Fig. 7. A typical AFM micrograph
from clusters of semi- and/or non-molten particles, splats,
and substrate (zones 1, 2, 3, respectively) is presented in
Fig. 7(a). The inset from same Fig. 7(a) reveals the splat
profile and a thickness of about 290 nm. The nanoinden-
tation tests were carried out on the mentioned zones, and
the correspondent force-displacement graphs are shown in
Fig. 7(b). This type of indentation test was chosen to assure
right contact conditions with different deposits. For the 500
1N tests, the penetration depth was higher in the clusters of
semi- and/or non-molten particles compared to results

Fig. 5 Optical micrographs of first deposits under (a) R4 parameters combination at 10 x , (b) R4 parameters combination at 50 x , (c) R8
parameters combination at 10 x and (d) R8 parameters combination at 50x
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Fig. 6 SEM micrographs showing different types of deposits under R4 parameter condition using as-received (a, b) and sieved (c, d) feedstock

powders

obtained for splats and substrate. It is clear that clusters of
semi- and/or non-molten particles are TiO, adhered parti-
cles with poor cohesion as a result of non-molten or semi-
molten conditions. The Young modulus, E was calculated
from the reduced elastic modulus using v = 0.30 (Ref 47)
as a Poisson ratio of TiO; of rutile. For the diamond tip, the
Poisson ratio and E are reported elsewhere (v; = 0.07 and
E; = 1141 GPa) (Ref 48). Figure 7(c) and (d) shows the
Weibull distribution analysis to represent the £ and H of
clusters of semi- and/or non-molten particles, splats, and
the substrate. The low E = 80.9 GPa of partial clusters of
semi- and/or non-molten particles is because they collapse
under low indentation loads, exhibiting their poor cohe-
sion, which typically leads to further coating delamination
and poor mechanical properties. The measured E for the
stainless steel substrate was 235.6 GPa, which matches the
expected value (Ref 49).

The mechanical properties of a TiO, splat (£ = 176.6
GPa and H =11.0 GPa) were obtained from Weibull
analysis and are similar to those reported in previous
results for  plasma sprayed  TiO,  coatings
(E=1635+224-2327+212 and H=7.6=2-
11.9 £ 1.1) (Ref 50). The wide range of values reported by

@ Springer

Ctibor et al. is attributed to the presence of different pre-
dominant crystal orientations (Ref 50). The measured
Young modulus of the splat was 62.61% lower than rutile
bulk TiO, (282 GPa) (Ref 29). The reason for the differ-
ence in mechanical properties between TiO, coatings and
bulk lies in the influence of the limited degree of contact
between splats or between the splat and substrates (Ref 51).

To confirm the structural characteristics of splats and
clusters of semi- and/or non-molten particles, analysis of
micro-Raman spectra was undertaken. The results are
compared to the feedstock powder (TiO, Metco 102) and
shown in Fig. 8. The Raman spectrum of the TiO, Metco
102 powder exhibits bands at 150 and 262 and 429 and
608 cm™', which are related to the presence of anatase and
rutile phases, respectively (Ref 52, 53). For the clusters of
semi- and/or non-molten particles (1) vibrational bands at
144, 252, 418 and 602 cm~! were identified, which are
slightly shifted from those detected in the feedstock pow-
der (associated with rutile and anatase phases) due to
transformations during the deposition process. No other
significant structural changes were observed in clusters of
semi- and/or non-molten particles compared to feedstock
powder. Finally, the Raman spectrum of a single splat (2)
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Fig. 8 Typical micro-Raman
spectra of TiO, feedstock
powder, cluster of semi- and/or
non-molten particles and splat

shows bands at 427 and 602 cm_l, which are unambigu-
ously attributed to a rutile phase (Ref 53) and a complete
vanishing of the anatase bands located around 150 and
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Again, the lower Young modulus of a rutile phase splat than
rutile bulk titania (282 GPa) (Ref 29) is surprising. It has been
argued elsewhere that the mechanical behavior of coatings is
affected by the degree of contact between splats and might also
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apply to single splats and the substrate (Ref 54). Flattening and
solidification, as well as their relation with the contact degree of
a droplet impacting a surface, have been discussed based on
experimental and theoretical approaches (Ref 19, 55, 56).
Impacted molten or semi-molten particles with a different
distribution of temperature across their volume transfer heat to
the substrate during flattening and solidification, leading to the
formation of splash deposits, homogenous splats or deposits
with a heterogeneous semi-molten state (Ref 57, 58). The splat
morphology depends on different variables such as the Rey-
nolds (Re) number and melting index (MI) of the impacted
particle which have a direct influence on splat flattening,
solidification, and fragmentation (Ref 59), and surface cracking
(Ref 60). Re and MI are part of a group of different parameters
which need to be further studied to understand TiO, splat for-
mation and semi-molten heterogeneity. In this contribution,
heterogeneous flattening of TiO, splats is well noted in the
micrograph in Fig. 5(b), where the splats present different
concentrically color rings given by light diffraction. Moreover,
cracks are present in the splat surface as is shown in Fig. 7(a).
Splats heterogeneity in flattening and solidification suggests a
correlation with the low splat mechanical properties compared
to bulk TiO,, however other analyses are still needed to fully
explain this relation.

Nevertheless, TiO, clusters from semi- and/or non-
molten deposits are mainly responsible for poor coating’s
quality, low mechanical properties, low adherence, inter-
layer delamination, among others. Additionally, for the first
stages of deposition, the characteristics of the spray trace
strongly define the deposition quality.

Figure 9 shows the SOD, PFR, F/O and PSD effect on
the spray trace and the percentage of splats and clusters of
semi- and/or non-molten particles in the covered area after
a multiple response optimization in the DoE. The following
statements can be drawn from this figure.

(a) Variations in SOD, PFR, and F/O show no signif-
icant changes in the spray trace width (Fig. 9a, b,
and c, respectively).

(b) In contrast, the most remarkable influence on the
spray trace width is the PSD parameter. Spray trace
was 3 mm broader at low values of this parameter
(Fig. 9d). Smaller particles will get a higher surface
temperature avoiding particles bouncing upon
impact on the substrate, improving the deposition
efficiency (Ref 61). There is a direct relation
between splat impacting temperature and the depo-
sition efficiency.

(c) All the parameters had a considerable effect on the
percentage of the splats-covered area (Fig. 9). This
response variable is increased at high SOD values
(Fig. 9a) as well as setting low values of PFR, F/O,
and PSD.

@ Springer

(d) Rising the F/O from 0.18 to 0.27 and SOD from 18
to 25 cm leads to an increase in the percentage of
clusters of semi- and/or non-molten particles by 1
and 1.2%, respectively (Fig. 9a and c). Moreover,
higher PFR values at the same HVOF conditions
increase the number of such deposits (Fig. 9b).

() PSD has a higher influence on the percentage of
clusters of semi and/or non-molten particles per-
centage than SOD, PFR, and F/O (Fig. 9). The
clusters-covered area was 3.7% higher using the R4
condition with sieved compared to the as-received
TiO, feedstock powder. This change seems to be
related to the particle velocity and temperature using
sieved powder (Fig. 3); however, the clusters and
splat percentage increase after increasing the depo-
sition efficiency by using a finer feedstock powder.

Thus, the R4 combination of parameters using sieved
powder (high SOD, low PFR, and F/O) showed such values
of velocity and temperatures, where most of the projected
TiO, particles were heated and accelerated to be properly
flattened seeking to decrease splashing effects.

The predicted combination of parameters by ANOVA to
increase the splat percentage and spray width trace and to
decrease the number of clusters of semi- and/or non-molten
particles is shown in Table 3.

Coatings Fabrication and Analysis

Figure 10 presents the SEM cross-sectional micrographs of
TiO, coatings deposited under R4 condition, using both
feedstock powders (as-received and sieved powder condi-
tions). Figure 10(a) shows a non-uniform thin coating (2-
35 um) (1), (2) obtained with the as-received powder,
which is related to the low amount of splats formed during
the first stages of deposition. This finding was predicted
from the analysis performed above. On the contrary, the
coating fabricated under the same condition but using a
sieved powder presents a uniform and denser morphology,
as it can be seen in Fig. 10(b). The cross-sectional image
shows a thicker coating (54-72 um) (1) with more con-
tinuous interface with the metallic substrate (2). The pre-
sent analysis led to obtaining a coating with such
morphological characteristics; hence, the adopted
methodology was suitable to enhance the quality of TiO,
thermal spray coatings by HVOF. Finally, Fig. 11 presents
the XRD patterns of the feedstock powder and the two
studied coatings. The XRD pattern of the feedstock pre-
sents different phases of titanium oxide, namely anatase
(PDF # 98-001-1631) and rutile (PDF # 98-001-7742), as it
was stated in the micro-Raman analysis. Furthermore,
Magneli phases with a Ti,O,,_; stoichiometry were also
detected with XRD analysis. After the coating build-up,
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Table 3 Statistical prediction

of HVOF parameters Statistical prediction

Predicted response value

Spray trace width (mm)

Clusters of semi-
and/or non-molten
particles (%)

Splats (%)

combination to obtain first Parameter Value
coating stages with maximum
values of splats, first-pass width
and minimum values of clusters
of semi- and/or non-molten SOD, cm 25
particles PFR, g/min 15
F/O 0.21
PSD, um < 38.63

12 30 19

rutile phase content was increased while Magneli and
anatase phases decrease because of the high-temperature
exposition during the thermal spray process. Likewise, the
diffractogram for the coating obtained using R4 combina-
tion and as-received powder conditions presents more
peaks of Magneli phases around 35 and 43° 20 than the one
fabricated with sieved powder under R4 conditions.
Therefore, the TiO, coating obtained with R4 parameter
combination and using sieved powder allows obtaining a
higher content of rutile phase within its structure.

Conclusions

e The optimized processing parameters to reach in-flight
particle temperature and velocity (1855 °C and 800 m/

s) conditions to promote splat formation with as-re-
ceived powder were F/O= 0.23, SOD= 21.87 cm and
PFR= 20.36 g/min.

Increasing F/O ratio (0.15 to 0.27) directly affects the
velocity and temperature of the in-flight particles for
both types of feedstock powders. On the contrary, SOD
increments (15 to 30 cm) showed a decreasing ten-
dency in the particle velocity and temperature. More-
over, the percentage of splats in the first deposition
stages increases considerably by reducing the F/O ratio
at high SOD values. Therefore, the particles that remain
for a longer time within the process flame will adopt a
proper physical state, generating a greater number of
splats in the first deposition stages. Additionally, higher
PFR values produced more clusters of semi- and/or
non-molten particles adhered to the substrate in the first

@ Springer
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Fig. 11 X-ray diffraction patterns of the powder and R4 coatings
using as-received and sieved powder conditions

stages of TiO, deposition. Finally, reducing the PSD
directly improved the splat formation and morphology
and increased the width of spray trace.

e Nanoindentation and Raman analysis allowed to iden-
tify the nature of the different deposits. For instance, a
single splat exhibited mechanical properties (E =176.6
GPa and H =11 GPa) close to thermally sprayed TiO,
coatings in Rutile phase, which was confirmed by
micro-Raman analysis. Clusters of semi- and/or non-

@ Springer

molten particles showed lower values (E = 80.9 GPa
and H = 6.2 GPa) and a combination of phases.

e The use of the parameter combination: SOD= 25 cm,
PFR= 15 g/min, F/O= 0.21 and as-received feedstock
powder (PSD dso= 25.6 pum) leads to obtain a poor and
non-uniform coating as well as major amounts of
Magneli phases within its structure. On the contrary,
TiO, coatings deposited under the same parameters and
using sieved powder (PSD dso= 17.9 um) presented a
dense uniform microstructure and consist mainly of
rutile phase. This experimental parameter combination
was close to the predicted in the ANOVA analysis
which will allow generating coatings with higher splats
percentage (29.9%), lower percentage of clusters of
semi- and/or non-molten particles (19%) and a higher
spray trace width (12 mm) (SOD= 25 cm, PFR= 15 g/
min, F/O= 0.21 and PSD of sieved powder).

e The methodology proposed in this contribution leads to
the fabrication of dense and uniform TiO, coatings by
HVOF thermal spray with a mainly rutile structure and
thickness of 65 + 7 um.
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