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A series of spray parameters was tested for a titania (TiO,) feedstock, and the in-flight particle temperature
was measured for each setting combination. The parameter set that resulted in the highest particle tempera-
ture was selected for producing coatings for further study and analysis. With this parameter set, the majority
of the sprayed particles had temperatures (at least superficially) above that of the melting point of titania.
The hardness (H), elastic modulus (E), and elasticity index (H/E ratio) on the cross section and top surface of
these HVOF-sprayed titania coatings were evaluated using the Knoop technique and Vickers hardness mea-
surements. The distribution of elastic modulus and hardness values was analyzed via Weibull statistics. The
coating microstructure and phase composition were evaluated using scanning electron microscopy (SEM)
and x-ray diffraction (XRD) analysis, respectively. The porosity level was determined via image analysis. It
was observed that the coatings were uniform and very dense, consisting of rutile as the major phase. The
optimized spray conditions allowed the production of thick coatings (~740 um), which were shown to be in a

state of residual compressive stress using Almen strip measurements.

Keywords HVOF, indentation, tailoring of microstructures, tita-
nia, Weibull modulus

1. Introduction

Thermal spray processing of pure ceramics via high velocity
oxygen fuel (HVOF) is a relatively unexplored field. The low
flame temperatures of the HVOF process and ceramic charac-
teristics such as a high melting point, lack of plasticity, and low
thermal conductivity impede coating formation. Despite these
characteristics, early work!'! has shown that when these barriers
are overcome, HVOF-sprayed titania coatings exhibit both high
microstructural uniformity in the cross section and top surface
and have very uniform mechanical properties. Weibull modulus
values from hardness measurements are significantly higher
than those of other air and vacuum plasma-sprayed ceramic
coatings and HVOF-sprayed cermets."’

As already mentioned, the combination of the characteristics
of the HVOF process with those of ceramic materials limits the
usefulness of the HVOF technique for producing ceramic coat-
ings. For those ceramic materials where it is used, the process
window, or latitude in spray parameter settings, is normally
quite tight. Currently, in-flight particle characteristics of thermal
spray jets, such as temperature and velocity, can be monitored
with specific diagnostic equipment, and their effects can be re-
lated to the microstructural features of the coating.®! It is be-
lieved that to maximize the deposition efficiency, conditions
have to be identified that result in the highest average particle
temperature being reached. It is this constraint that limits the
usefulness of HVOF for depositing ceramics and makes the op-
timization process so critical.

Although there is a large body of papers on the microstruc-
tural characteristics, mechanical properties, and phenomenol-
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ogy of mechanical behavior of plasma-sprayed ceramics and
HVOF and plasma-sprayed cermets, little data is available in the
literature on HVOF-sprayed pure ceramics coatings. This area
appears to be relatively unexplored and may offer new possibili-
ties for producing certain ceramic coatings.

Of the various advanced ceramics, titania has one of the low-
est melting points (1855 °C), together with arelatively high ther-
mal conductivity (8.8 W/mK),”*! which makes it a “good can-
didate” for being deposited using HVOF. Insight gained from
spraying this material by HVOF may help to establish guidelines
on the HVOF spraying of ceramics.

The current work, which builds on earlier research on HVOF
titania,'"! presents the results of a study aimed first at optimizing
the HVOF spraying conditions for titania and, then, of analyzing
the microstructure and phases present in the resulting coating.
This work also aims at evaluating the mechanical behavior of the
optimized HV OF titania coatings via indentation techniques and
compares the behavior of these coatings with the previously
HVOF-sprayed titania''! and those of other ceramic and metallic
coatings sprayed by different techniques.

2. Experimental

2.1 Thermal Spraying and Particle Diagnostics

A fused and crushed titania (TiO,) feedstock [Flomaster
22.8(99) F4, F.J. Brodmann & Co., Harvey, LA] with a nominal
particle size range from 5-20 pm was sprayed using a HVOF
torch (DJ 2700-hybrid, Sulzer-Metco, Westbury, NY). To opti-
mize the spray parameters, the following approach was taken.
The particle temperature (7), velocity (V), and diameter in the
spray jet were measured using a diagnostic tool (DPV2000, Tec-
nar Automation, Saint Bruno, QC, Canada) for different combi-
nations of spray parameter settings. This diagnostic unit uses a
system based on optical pyrometry and time-of-flight measure-
ments to obtain information on the spray jet. Individual particles
are detected in the jet to provide temperature, velocity, and par-
ticle diameter information.'?! Using this tool, data was acquired
for each combination of spray parameters by measuring a total of
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at least 3000 particles for each parameter set, which counts for
approximately 2 min of spraying time. The in-flight character-
istics were determined at the centerline of the HVOF spray jet,
where the particle flow density was the highest.

After a series of tests that involved changing the flows and
ratios of oxygen, propylene, air cooling, carrier gas, and spray
distance, the optimized set of spray parameters was considered
the one that exhibited the highest average particle temperature
without causing damage to the spray torch due to excessive heat
of the flame. Therefore, the so-called optimized set corresponds
to the “hottest condition” provided by the DJ2700-hybrid torch
under safe operating conditions. Hotter conditions can be
reached and were observed during this work; however, under
these hotter conditions torch parts, such as injectors, O-rings,
and hoses, are more severely degraded. The optimized set of
spray parameters are listed in Table 1, together with the set of
spray parameters used in earlier work by the current authors.!"
The in-flight particle data (particle 7, V, and diameter) presented
and discussed in this work were acquired at a spray distance of
20 cm (Table 1).

The coatings were deposited on low carbon steel sub-
strates (length, 7.62 cm; width, 2.54 mm; thickness, 1.27 cm)
that had been grit-blasted to roughen the surface before spray-
ing. During the spraying process a cooling system consisting of
air jets was applied to reduce coating temperature. The coating
temperature was monitored during spraying using an optical py-
rometer. The maximum coating temperature during the process
was ~325 °C. Coating thicknesses up to ~740 pm (29 mils) were
attained.

To obtain some qualitative information on the residual stress
condition of the coatings, an Almen strip (type, N; grade, I)
(Electronics Inc., Mishawaka, IN) was mounted alongside the
substrates and coated during the spraying process. The deflec-
tion of the Almen strip was read via an Almen gage (Model TSP-
3, Electronics Inc., Mishawaka, IN) before and after the coating
deposition. The difference between these two values indicated
whether the coating was in compression (negative value) or ten-
sion (positive value). This Almen procedure was based on a
technique described by Sauer and Sahoo.!”!

The value of deposition efficiency (DE) was also measured
by depositing on a grit-blasted low carbon steel substrate of
known dimensions using a predetermined powder feed rate,
torch speed, and total number of passes, and then comparing the
weight of the substrate before and after the deposition with re-
spect to the feedstock feed rate.

Table 1 HVOF Spray Parameters for Titania
(DJ2700-Hybrid)

Parameter Optimized Set Previous Set'!!
Propylene flow 176 scfh (83.1 slpm) 132 scfh (62.3 slpm)
Oxygen flow 664 scth (313.4 slpm) 491 scfth (231.8 slpm)
Air flow 714 scfh (337 slpm) 786 scfh (371 slpm)

Carrier gas (N,) flow 30 scth (14.2 slpm) 20 scth (9.4 slpm)
Powder feed rate 25 g/min 30-35 g/min
Spray distance 20 cm 20 cm

Feedstock Flomaster 22.8 (99) F4 Amperit 782.0
Fused and crushed Fused and crushed
(—=20/+5 pm) (—22/+5 pm)

slpm, standard liters per minute; scfh, standard cubic feet per hour
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2.2 Characterization

Samples of both the cross section and top surface of the tita-
nia coatings were vacuum-impregnated with a low viscosity ep-
oxy and polished for study using scanning electron microscopy
(SEM). Coating porosity was evaluated on the cross section of
the coating using SEM and image analysis. A total of five SEM
pictures were analyzed for porosity measurements.

X-ray diffraction (XRD) (Cu K, radiation) was used to de-
termine the phases present in the feedstock and coating. A 26
diffraction angle ranging from 20-80° (using a step size of 0.05°
and step time of 2.5 s) was used. The particle size distribution of
the feedstock was determined using a laser diffraction particle
size analyzer (Beckman Coulter LS 13320, Beckman Coulter,
Miami, FL).

2.3 Mechanical Properties and Treatment of Data

Vickers hardness measurements were performed under a 300
g load for 15 s on the cross section and top surface of the coat-
ings. The elastic modulus was determined via a Knoop indenta-
tion technique'®”! on the cross section and top surface of the
coating under a load of 1000 g and indentation time of 15 s. For
the cross sections, the indentations were applied near the center-
line of the coating thickness, whereas for the top surface the
indentations were randomly positioned (avoiding the edges). A
total of 20 measurements were performed for each indentation
series. This approach for determining elastic modulus was de-
veloped by Marshall et al.'®! based on the measurement of the
elastic recovery of the in-surface dimensions of Knoop indenta-
tions. The ratio of the major (a) to minor (b) diagonals of the
Knoop indenter is 7.11. During unloading, the elastic recovery
reduces the length of the minor diagonal of the indentation im-
pression (b"), while the length of the major diagonal of the in-
dentation impression (a") remains relatively unaffected. The dif-
ference between the known major to minor diagonal ratio (7.11)
is compared with that of the indentation impression. The extent
of recovery depends on the plasticity index or hardness-to-
modulus ratio. The formula for determining elastic modulus (E,
in Pa) is'!:

(—a.H)
Ry (Eq 1)
a a

where o is a constant (0.45), H is Knoop hardness (in Pa), a" and
b' are respectively the lengths of the major and minor diagonals
of the indentation impression, and b/a is 1/7.11. One important
point must be clarified regarding the measurements in the cur-
rent study. When determining the elastic modulus of the cross
section, the major diagonal of the Knoop indenter was posi-
tioned perpendicular to the substrate surface. As the measure-
ment of the elastic modulus is strongly based on the minor di-
agonal, the elastic modulus results obtained for the cross section
in this work represent the values parallel to the coating surface.

3. Results and Discussion

3.1 In-Flight Particle Characteristics

Figure 1 shows the histogram of particle temperature for the
optimized and previous'"! set of spray parameters for HVOF ti-
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Fig.1 Histogram of particle temperature for the optimized and previ-
ous™! spray parameters for HVOF titania

tania. The in-flight particle data were acquired at a spray dis-
tance of 20 cm (Table 1), the distance at which the substrate
would normally be positioned when depositing a coating. The
optimized value of average particle temperature is 1925 + 163
°C. This temperature is 70 °C above the melting point of titania,
which has been reported to be 1855 °C."*! This result is a signifi-
cant improvement from that obtained for the previous set,!"!
where the average particle temperature (1807 £ 134 °C) was 48
°C below the melting point of titania. It must be pointed out that,
as with the majority of pyrometric measurements, errors related
to calibration may be present in the particle temperature mea-
surements; that is, the real particle temperature values may be
higher or lower than those measured. However, according to
Touloukian et al.,'”) at 1067 °C the emissivity values of the tita-
nia at the wavelengths of ~0.8 to ~1.0 um are very similar: ~0.92
and ~0.93, respectively. The DPV2000 registers and analyzes
infrared (IR) wavelengths at 0.787 and 0.995 um, respectively,
and it is calibrated to give accurate temperature values on gray
bodies, which have a constant emissivity in different wave-
lengths. Therefore, because the emissivity values of titania are
similar at the two wavelengths analyzed by the DPV2000, it is
thought that the values of particle temperature obtained during
this work are a fair representation of the particle condition. It is
important to point out that the particle temperature values ob-
tained via pyrometric measurements represent surface tempera-
ture values; that is, the inner part of the particles may have lower
temperatures.

Concerning particle velocity, the average velocity for the op-
timized parameter set is 663 + 174 m/s; that is, 13% higher than
that of the previous one (588 + 124 m/s).'"! Note that the kinetic
energy increases as the square of the velocity, so that an increase
of 13% may constitute an important gain.

Figure 2 shows a graph of particle temperature versus particle
diameter for the optimized set of spray parameters. This graph
reveals that the majority of the sprayed particles reached, at least
superficially, the melting point of titania. Figure 2 is divided into
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Fig. 2 Plot of particle temperature versus particle diameter for the op-
timized set of spray parameters for HVOF titania

four quadrants by two dashed lines. The dashed line intersecting
the particle temperature axis divides particles that have tempera-
tures above and below 1855 °C (melting point of titania). The
dashed line intersecting the particle diameter axis divides par-
ticles into those having diameters above or below 35 um. No
particles larger than 35 um have temperatures higher than 1855
°C. Therefore, as assumed in the previous work,"'! the par-
ticles that are found in the upper left quadrant of Fig. 2 should
play the major role in coating formation. They represent 71% of
the total number of sprayed particles (44% of the total volume),
whereas for the previous work a similar type plot showed that the
particles situated in the upper left quadrant represented only
38% of the total number of particles (8% of the total volume).
The results of DE reflect very well this characteristic. The
DE for the optimized set of spray parameters is ~45% while the
DE for the previous work was ~30%; that is, there is a relative
gain of 50% in DE when using the optimized set of spray param-
eters.

When analyzing the particles situated in the upper left quad-
rant of Fig. 2, it is observed that the average particle velocity is
670 = 177 m/s. The coefficient of variation (CV) in this data is
26%. There is not a significant difference between the value for
the average velocity for particles in this quadrant and that for the
overall particle velocity (663 + 174 m/s) when all particles are
considered. For the particles situated in the upper left quadrant
(Fig. 2), the average particle temperature is 2008 + 97 °C with a
CV of 5% for that data. This average particle temperature is 83
°C above the overall average particle temperature and 153 °C
above the melting point of titania. When compared with the re-
sults obtained in the earlier study''! this is a considerable gain,
particularly when the temperature is in the critical region around
the melting point. The average size of the particles situated in the
upper left quadrant of Fig. 2 is 15 £ 6 um. It is important to note
that particles larger than 35 um exhibited temperatures below
that of the melting point of titania. These characteristics show
that a tight particle size is very important when spraying a typical
advanced ceramic such as titania with the HVOF system. This is
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Table 2 Particle Size Distribution Determined via Laser
Diffraction (Volume Statistics)

Feedstock characteristics, Flomaster 22.8(99)F4,  Amperit 782.0,
TiO, Optimized Set Previous Set!"!
Average particle size (um) 24 17
djo (um) 8 8
dsg (um) 19 17
dy (um) 46 28

probably one of the reasons why the CV of average particle tem-
perature in the upper left quadrant presented the low value of
5%. It is also thought that particle density may be an important
factor when spraying ceramics via HVOF. In this work, fused
and crushed (dense) particles were used as the feedstock. Porous
particles (e.g., agglomerated), due to the lower thermal conduc-
tivity, may require more energy to be sprayed than that required
by dense feedstock particles.

Table 2 shows the results of particle size distribution (in vol-
ume) of the feedstock determined via laser scattering. The d,, of
the titania “Flomaster 22.8(99)F4” was 46 pm. Although this
feedstock has a nominal particle size distribution varying from
5-20 um, larger particles are present as a probable result of im-
perfect particle sieving. According to the DPV2000, the overall
average particle size in the spray jet was 18 + 10 um; the ds, and
average particle size of the feedstock determined via laser scat-
tering (Table 2) were 19 and 24 um, respectively. The particle
size distribution of the titania feedstock “Amperit 782.0” used in
the previous work!'! was also analyzed (Table 2). It has a similar
particle size distribution (average, d,, and ds;) to that of the
titania Flomaster 22.8(99)F4, but it exhibits a lower upper
cut (dyg).

3.2 Crystallographic Phases

Figure 3 shows the XRD patterns of the titania feedstock and
the HVOF coating. The spectrum shown in Fig. 3(a) indicates
that the process used in producing the titania feedstock resulted
in the presence of rutile, anatase, and Magnéli phases (Ti,0,,_;
n =4 to 10). After HVOF spraying, the coating (Fig. 3b) con-
tained rutile and anatase as the major and minor phases, respec-
tively. It is assumed that the thermodynamic conditions during
the spray process transformed most of the Magnéli phases of the
feedstock into rutile or anatase. No significant degradation of the
titania phase was observed; that is, the HVOF coating contained
the stoichiometric TiO, phase.

The Magnéli phases are formed when TiO, is an-
nealed in a reducing atmosphere."! It is important to notice
that the overall average particle temperature of the
HVOF-sprayed titania particles, even with the optimized
parameters, is just 70 °C above the melting point of titania
(Fig. 1). As a consequence, it is quite possible that the majority
of the titania particles do not fully melt during the HVOF
process. Therefore, no significant changes in the TiO, coating
stoichiometry were noticed during this and previous work.'"
Buchmann and Gadow!'®! speculate that the HVOF process
may have an oxidizing effect on titania, thereby impeding the
loss of oxygen that can lead to the formation of the Magnéli
phases.
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Fig. 3 (a) XRD pattern of the titania feedstock [Flomaster
22.8(99)F4]; (b) XRD pattern of the optimized HVOF titania coating

3.3 Coating Microstructure, Porosity, and
Residual Stress

Figure 4 shows SEM pictures of the coating microstructure
for the cross section and top surface. The coating has very low
porosity levels (<1%). It is thought that the high impact velocity
of the sprayed particles is one of the main factors producing this
low porosity level. The average particle velocity was 663 + 174
m/s. The microstructures are dense and homogeneous. Due to
these characteristics, it is believed that these coatings should
have a tendency to exhibit a near isotropic behavior in their prop-
erties.""! Results to be presented in the following sections will
show that this is, in fact, the case.

The results of Almen strip measurements (resulting deflec-
tion, —196 um) indicate that the HVOF titania coatings are under
aresidual compressive stress. This is probably one of the reasons
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Fig. 4 (a) Cross-section of the optimized HVOF titania coating; (b)
top surface of the optimized HVOF titania coating

why thick (~740 um) and dense coatings were produced without
spalling from the substrate.

3.4 Hardness, Elastic Modulus, and Weibull
Modulus

Figure 5 shows the Vickers hardness numbers (300 g load)
for the cross section and top surface of two sets of HVOF titania
coatings: one deposited in this study using so-called optimized
spray conditions and a second produced in an earlier study.'"’
The results show that the hardness on the cross section of the
optimized coating (HV = 879 £ 49) has a value similar to that of
the coating produced in the earlier work (HV = 832 + 42),!"!
whereas the top surface hardness value of the optimized coating
(HV =951 +43) is significantly higher than that of the previous
one (HV =806 * 42). The coating thicknesses for the optimized
and previous work!'! were ~740 and ~340 um, respectively. De-
spite the difference in coating thickness, the maximum coating
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Fig. 5 Vickers hardness number for the optimized and previous'!!
HVOF titania coatings on the cross section and top surface

temperature was kept the same for both types of coatings during
the deposition (i.e., ~325 °C). This homogeneity in coating tem-
perature should provide uniformity in coating microstructure.

The Weibull modulus values from Vickers hardness of these
coatings are compared in Fig. 6. The Weibull modulus values on
the cross section of the optimized coatings and those produced in
the earlier study are 19 and 20, respectively. The top surface
Weibull modulus values for the optimized and previous coating
are 23 and 20, respectively. It is noticed that the Weibull modu-
lus values for the cross sections for these two coatings are similar
while the Weibull modulus value of the top surface for the opti-
mized coating exhibits an improvement over that found in the
previous study. In earlier work,"'! a comparison was made be-
tween the Weibull modulus from Vickers hardness values of
HVOF titania and several ceramic thermal spray coatings
sprayed with different processes by different groups of research-
ers. Weibull modulus values ranging from 19-23, as obtained
during this work, are significantly higher than the majority of
Weibull modulus values determined for other ceramic thermal
spray coatings.!' It is important to point out that the Weibull
modulus is a measure of the variability of a material’s mechani-
cal properties.!''! Two or more materials with similar mechani-
cal property values (i.e., average and standard deviation) may be
differentiated and compared through their respective Weibull
modulus values. The Weibull modulus may be used to determine
which material has higher uniformity and reliability. It is impor-
tant to note that a high value of Weibull modulus does not imply
a high mechanical property value. The Weibull modulus indi-
cates the degree of uniformity of a mechanical property through-
out the sample, not its absolute value.

In earlier work,!"! it was suggested that a combination of
three conditions contributes to producing coatings having high
Weibull modulus of hardness: (1) phase uniformity of the coat-
ing, (2) microstructural uniformity within the coating and high
density, and (3) narrow particle size range of the feedstock, re-
sulting in a uniform particle heating. When analyzing the experi-
mental results presented in the previous sections, it is noticed
that these three conditions are found. Therefore, these results
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optimized and previous'! HVOF titania coatings on the cross section
and top surface

reinforce the claim that if the intent is to engineer a highly uni-
form thermal spray coating, an important part of the process
should focus on satisfying these three conditions.

The various mechanical properties of a material are often re-
lated. Hardness measurements via indentation techniques ex-
plore the interaction between splats, splat boundaries, semimol-
ten particles, phases, morphology, cracks, pores, and grains. As
a consequence, it is not unreasonable to suggest that other coat-
ing mechanical properties (e.g., elastic modulus and fracture
toughness) also influenced by these interactions may correlate
with the “hardness behavior”; that is, a high Weibull modulus of
hardness should indicate a low variability of other mechanical
properties (and vice-versa) originating from the same material
interactions as that of the hardness. Mechanical properties such
as elastic modulus'®”! and fracture toughness!'?! can also be
measured via indentation techniques and their results analyzed
via a Weibull distribution.

The elastic modulus of the optimized HVOF titania coating
was measured via the Knoop indentation technique.'®’! The
Knoop hardness numbers for the cross section and top surface
are 833 + 16 and 812 + 17, respectively. Figure 7 shows the
Weibull modulus values of Knoop hardness and elastic modulus
of the optimized HVOF titania coatings, soda lime “window”
glass (bulk), together with values from the literature for several
other ceramic coatings, all obtained at an indentation load of
1000 g."”" When comparing Weibull modulus of indentation
measurements of two or more materials, it is imperative to do the
comparison using the same indentation load!"’ due to the load
dependence of Weibull modulus values originating from inden-
tation techniques. As expected, due to the characteristics of these
coatings (the three conditions discussed earlier), the Weibull
modulus values of Knoop hardness of the optimized HVOF ti-
tania are far superior to those of other ceramic coatings. The
relatively high thermal conductivity of titania (8.8 W/mK)P*!
should also aid in a uniform heating of the titania-sprayed par-
ticles (condition no. 3).

The elastic modulus values for the cross section and top sur-
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Fig. 7 A comparison of Weibull modulus values of Knoop hardness
number and elastic modulus for the optimized HVOF titania coatings,
soda lime glass (bulk), and various as-sprayed thermal spray ceramic
coatings (data from the literature) for the indentation load of 1000 g.
Weibull modulus values of the references were taken from the cross
section. For all coatings, the major diagonal was oriented perpendicular
to the coating surface.

face of the HVOF titania coating were found to be 146 + 18 and
134 + 16 GPa, respectively. From the literature, the elastic
modulus of bulk titania (rutile) is known to be 282 GPa.!®! There-
fore, the elastic modulus of this coating is ~50% of that of the
bulk. This lies at the upper limit of the range for the elastic
modulus of thermal spray coatings that, according to
Pawlowski,''*! is in-between 20% and 50% of that of the bulk.

The origin of the lower elastic modulus values in thermal
spray coatings as compared with those for the bulk material has
been discussed and explained by McPherson."*"'*! The me-
chanical behavior of a thermal spray coating is limited by the
degree of contact between splats within the coating or between
the splats and substrate. The limited “true contact area” between
splats arises due to air entrapment and thermal stresses that occur
during the spraying process and is an inherent coating charac-
teristic. The high particle velocities of the HVOF systems may
improve the “true contact area,” thereby increasing the values of
mechanical properties and coating uniformity. The high coating
density and very low porosity values (<1% as determined by
image analysis) of the optimized HVOF titania coatings pro-
duced in this work are consistent with this explanation. The high
values of elastic modulus of the HVOF titania are then ex-
plained.

Figure 7 also shows the Weibull modulus values of elastic
modulus for the optimized HVOF titania, soda lime glass (bulk),
and several other as-sprayed ceramic thermal spray coatings
taken from the literature.””’ The HVOF titania exhibits Weibull
modulus values higher or similar to those of most other ceramic
coatings. The exception is the vacuum plasma spray (VPS)
MoSi, coating, which exhibits the highest value. It is speculated
that this arises because VPS coatings are generally very
dense,'"*! which contributes to a high coating uniformity (one of
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the three conditions identified earlier as playing an important
role in obtaining high Weibull modulus values).

It is noticed that the Weibull modulus values of the Knoop
hardness of the HVOF titania coatings are much higher than
those of other ceramic coatings (Fig. 7). Unfortunately, the pres-
ent authors have not found in the literature the Weibull modulus
value of Knoop hardness (at 1000 g load) of bulk titania. This
value would have been very important to compare and classify
the microstructural homogeneity of these HVOF titania coat-
ings. Nonetheless, the elastic modulus of an ordinary soda lime
“window” glass (bulk) was measured via Knoop technique at
1000 g load (E = 64 = 7 GPa; HK = 473 + 13). The Weibull
modulus values of the soda lime glass for the Knoop hardness
and elastic modulus are 33 and 8, respectively (Fig. 7). The
Weibull modulus of Knoop hardness for the glass is still lower
than that presented by the HVOF titania (~50); however, it is
significantly higher than those of other ceramic coatings (Fig. 7).
It is thought that if the Weibull modulus value of Knoop hard-
ness of an ordinary window glass is 33, the Weibull modulus
value of a pure, dense, and uniform advanced ceramic (bulk),
such as titania, should reach higher values. And these bulk val-
ues may be at the same or at higher level than those of the HVOF
titania, and then they would explain or clarify the high Weibull
modulus of Knoop hardness observed for these HVOF titania
coatings.

3.5 Elasticity Index and Coating Isotropy

When an indenter is loaded into a flat surface of a test speci-
men, it leaves a residual indentation impression. Hardness is
then measured by dividing the indentation load by the projected
area of the indentation impression or by the penetration depth of
the indenter, depending on the technique being used. It is clear
that hardness is an indicator of the irreversible or plastic defor-
mation behavior of the test material. But it must be remembered
that the final dimensions of the indentation impression also de-
pend to some extent on the reversible deformation or recovery,
which is also a material behavior characteristic.'®”'”) Therefore,
one can argue that indentation measurements are an elastic-
plastic parameter.

The elastic recovery during unloading of an indenter can ex-
hibit a wide range of behaviors. Extremes in depth recovery are
shown by “soft” metals where recovery is negligible, and by
“highly elastic” rubbers where recovery is nearly complete.
Typically, brittle materials such as ceramics will exhibit a be-
havior between the two extremes. Lawn and Howes!'”! quanti-
fied the indentation recovery in terms of well-defined elastic-
plastic parameters. The extent of the recovery depends on the
hardness-to-elastic modulus ratio (i.e., H/E). The H/E ratio, also
known as elasticity index, is an indicator of a material’s capacity
to absorb or dissipate energy. High H/E values will be found in
highly elastic materials, whereas low H/E values will be found in
more plastic materials. The elasticity index is an important pa-
rameter of the coating microstructure and it has not been exten-
sively explored in the thermal spray field. It can be investigated
when one determines the elastic modulus via Knoop indenta-
tions.!®7'3! As a consequence, analyzing the behavior of the H/E
ratio on the cross section and top surface may constitute an im-
portant way to analyze and understand the mechanical behavior
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Fig.8 A comparison of Knoop hardness (HK) and elastic modulus (E)
ratio (cross section/top surface) for the optimized HVOF titania coat-
ings and several APS coatings (data from the literature). For all coat-
ings, on the cross section, the major diagonal was oriented perpendicu-
lar to the coating surface.

of these types of coatings, and it may be an important parameter
for future modeling of thermal spray coatings.

Figure 8 shows the results for the Knoop hardness and elastic
modulus ratios for the optimized HVOF titania and several APS
(air plasma spray) coatings. It can be seen that the optimized
HVOF titania coating is, on average, more isotropic than the
other APS coatings; that is, its both ratios (HK,/HK,, and E_,/
E,,) are close to 1.0. This behavior has been reported earlier'"!
for Vickers hardness when comparing the previous HVOF tita-
nia coatings with other results in the literature. It was concluded
that the HVOF titania coatings, due to a high density, behave
nearly as the bulk material. And it is thought that this “near iso-
tropic behavior” should also be observed for other very dense
coatings.

Figure 9 shows the elasticity index (H/E ratio) of the cross
section and top surface for the optimized HVOF titania coatings
and several APS coatings. The H/E ratio for the cross section and
top surface are 0.0562 and 0.0597, respectively. As observed in
the results of Knoop hardness and elastic modulus (Fig. 8), the
HVOF titania is among the most uniform coatings discussed in
this paper; that is, its values of elasticity index are near isotropic
(Fig. 9). Nonetheless, one important observation can be made.
For all these coatings, the H/E ratio is slightly or significantly
higher in top surface than it is in the cross section. Thus, appar-
ently, thermal spray coatings tend to behave more elastically in
the top surface and more plastically in the cross section.

However, when carefully analyzing Fig. 8, it is observed that
the majority of the Knoop hardness values of the cross section
are slightly or significantly higher than those of the top surface;
that is, the ratio of cross section to top surface hardness is gen-
erally higher than 1.0. Apparently, there is a paradox. The mi-
crostructure of the cross section has a “more plastic behavior”
(lower H/E ratio) than that of the top surface, but the hardness
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values of the cross sections are generally higher than those of the
top surface.

To understand this “apparent paradox,” one may imagine the
microstructure of a thermal spray coating as a “pile of splats”
having pores of approximately ellipsoidal shape, where the ma-
jor axis of the ellipsoid is parallel to the spread plane of the
splats. Leigh et al.!”! analyzed this structure and postulated that
due to the pore geometry, when one analyzes the coating from
the cross section, the “relative porosity” is lower than that when
the coating microstructure is analyzed from the top surface. Due
to this pore shape anisotropy, and knowing that porosity reduces
elastic modulus''?*°! and hardness values,'! it is possible to
understand the origin of the higher values of hardness on the
cross section compared with the top surface. The elastic modu-
lus (and hardness as a correlated property) is related not only to
the total porosity, but also to the pore morphology. %!

The explanation provided by Leigh et al.”! explains the
higher cross-sectional values of hardness generally found in
thermal spray coatings. However, to understand the factors that
give rise to a greater degree of plastic behavior in the cross sec-
tion is more complex. One must remember that during the cross-
section measurements, the major diagonal was placed perpen-
dicular to the coating surface. Under this indentation geometry,
the minor diagonal is then parallel to the spread direction of the
splats. As a direct consequence, when indenting a coating on the
cross section, the minor diagonal of the tip of the Knoop indenter
contacts and forces the coating microstructure at its weakest
point, the intersplat interface, as postulated by McPherson.!"4~'¢!

As a consequence of the anisotropic microstructure of the
thermal spray coatings, when indenting on the cross section with
the major diagonal perpendicular to the coating surface, the mi-
nor diagonal cleaves the weak interface between splats."*'¢!
Therefore, the minor diagonal of the indenter encounters less
resistance to penetration and yielding, thus minimizing the re-
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covery behavior. At the same time, the major diagonal contacts
the zone of “lower relative porosity,” which reflects in higher
hardness values.!”! Thus, the coating tends to be more compliant
in the cross section although being harder. Probably, this is a
typical and unique characteristic of thermal spray coatings.

Another factor may be considered regarding this apparent
paradox. When analyzing the coating cross section, the major
and minor diagonals of the Knoop indenter have very different
interactions with the coating microstructure. But when analyz-
ing the coating top surface, the major and minor diagonals of the
Knoop indenter do not have any special orientation or preferen-
tial interaction with respect to the coating microstructure. Both
indenters probe and measure the same structure. Therefore,
Knoop indentation impressions on the cross section are naturally
anisotropic, whereas in the top surface they have an isotropic
character. Thus, depending on the desired application or objec-
tives, it is important to determine whether measurements on the
cross section or top surface will provide the more relevant infor-
mation.

3.6 Final Considerations

When observing Fig. 5, itis noticed that the Vickers hardness
values of the optimized HVOF titania coatings are higher than
those of the previous work.!"! There is a slight increase in hard-
ness in the cross section and a significant increase in hardness in
the top surface. Regarding the Weibull modulus of Vickers hard-
ness (Fig. 6), the values of the cross section are relatively simi-
lar, whereas for the top surface there is a significant increase of
the Weibull modulus for the optimized HVOF titania. Nonethe-
less, the gains in Vickers hardness and Weibull modulus were
insignificant when compared with the gain in DE. When chang-
ing from the previous to the optimized set of parameters, there
was a relative gain of 50% in DE.

Analysis of the plot of particle temperature versus particle
diameter (Fig. 2) indicates that the particles situated in the upper
left quadrant represent 71% of the total number of particles (44%
of the total volume). As previously discussed, it is thought that
the particles situated in the upper left quadrant are the main con-
tributors to the coating formation. The same type of plot was
used in the previous work,!"! and in that study the particles situ-
ated in the upper left quadrant represented 38% of the overall
number of particles (8% of the total volume). Figure 1 shows the
histograms of particle temperature for the optimized and previ-
ous''! HVOF titania. It is noticed that the frequency of particles
situated above the melting point of titania is significantly higher
for the optimized parameters. These observations (Fig. 1 and 2)
explain the DE gain from the previous to the current work. How-
ever, the significant DE gain does not translate into a similar, or
even significant, gain in the mechanical properties values; that
is, for this case there is no apparent correlation between DE and
mechanical properties.

Analyzing the upper left quadrant of Fig. 2 shows that the CV
of particle temperature is 5%, whereas for the previous work it
was 4%. In both cases the particles had similar average veloci-
ties. Thus, this very uniform particle heating, even with the dif-
ferent spray parameters used, is probably the result of the narrow
particle size distribution of both titania feedstocks (Table 2).
This uniform heating is reflected in the “relative uniformity” of
Vickers hardness and Weibull modulus of the optimized and
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previous HVOF titania coatings. The significant percentage dif-
ference of particles above the melting point of titania (upper left
quadrant) is reflected in the significant DE gain obtained from
the previous to the current work.

Therefore, it is thought that when one seeks to increase the
robustness of the process with regard to the spray parameter pro-
cess window for a given feedstock, it is necessary to work with
feedstocks having a narrow particle size distribution. Results
from the current and previous''! studies appear to indicate that
even if a feedstock with a narrow particle size distribution is
sprayed using “nonoptimized parameters,” the quality of the
coating will be similar to that sprayed using the “optimized pa-
rameters.” Although there may be a significant decrease in DE
when nonoptimized parameters are used, the mechanical prop-
erties should not significantly be affected. To summarize, feed-
stocks having a narrow particle size distribution tend to enlarge
the thermal spray process window within which acceptable coat-
ings can be produced.

4. Conclusions

e The optimized titania coatings produced using HVOF
(DJ2700-hybrid) spraying exhibited high density, low po-
rosity, and a uniform microstructure in the cross section and
top surface. A deposition efficiency of 45% could be
achieved using the optimized conditions.

e At the centerline and spray distance of 20 cm, 71% of the
total number of sprayed particles (44% of the total volume)
exhibited temperatures above (at least superficially) the
melting point of titania. The average particle impact veloc-
ity was 663 £ 174 m/s.

¢ The coatings are under residual compressive stress. Thick
coatings (~740 um) were achieved without spalling.

¢ The optimized HVOF titania coatings contained rutile as
the major phase and minor amounts of anatase. No signifi-
cant degradation was observed in the TiO, stoichiometry.
This probably results from the partial particle melting, low
temperature of the HVOF system, and the oxidizing effect
of the oxygen present in the HVOF flame.

*  Small particle sizes and a narrow particle size distribution
(e.g., from 5 to 20 um) are very important characteristics
when spraying ceramics, such as titania, via HVOF
DJ2700-hybrid. Dense particles, due to a higher thermal
conductivity, may also be an important characteristic.

e The HVOF titania coatings exhibited a near isotropic be-
havior (cross section and top surface) with respect to Vick-
ers and Knoop hardness, elastic modulus, and elasticity in-
dex. The origin of this isotropy is probably related to the
high coating density and uniformity provided by the HVOF
system.

¢ The HVOF itania coatings exhibited higher Weibull modu-
lus of both hardness and elastic modulus when compared
with the majority of other as-sprayed ceramic/cermet ther-
mal spray coatings reported in the literature and tested with
the same indentation load and indenter diagonal orientation
with respect to coating microstructure. The origin of this
high uniformity (high Weibull modulus values) lies in the
(1) phase uniformity, (2) microstructural uniformity and
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high density, and (3) narrow particle size range of the feed-
stock, resulting in a uniform particle heating.

¢ For the type and characteristics of feedstock used, the spray
parameter process window must be quite narrow for high
DE to be achieved. However, coating uniformity and hard-
ness are much less sensitive to changes in spray parameters.
Feedstocks having a narrow particle size distribution tend to
enlarge the process window in thermal spray.

e By comparing the results of this work with others from the
literature, it is noticed that the coating hardness in the cross
section tends to be higher than that of the top surface; how-
ever, the microstructure of the cross section tends to have a
more plastic behavior (lower H/E ratio) than that of the top
surface. The explanation for this apparent paradox is found
in the position and orientation of the minor and major di-
agonals of the Knoop indenter with respect to coating mi-
crostructure. It is thought that when indenting on the cross
section, the minor diagonal (which is mainly responsible for
E measurements) “easily” cleaves the weak intersplat con-
tacts, encounters less resistance to penetration and yielding,
and minimizes the recovery behavior.
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Appendix: Weibull Distribution

Each series of indentation results was fitted to a Weibull dis-
tribution.!**! According to Weibull theory, the probability that a
sample will fail or yield at a particular strength or random value
(x;) is P,, given by Eq A.1:

X —x,\"
P =1-exp|— P
0

where x, is the threshold stress below which there is no failure,
X, is the characteristic strength or value below which 63.2% of
the data lie, and m is the Weibull modulus. This three-factor
Weibull expression is actually rarely used because there does not
seem to be a threshold stress for brittle materials and because it
is mathematically inconvenient. A more practical form is the
two-factor Weibull function:

xl m
ol (2]
0

To fit a set of mechanical property data to the Weibull distribu-
tion, one first ranks the samples in order of increasing mechani-

(Eq A.1)

(Eq A2)
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cal property value and assigns an index: i = 1 for the lowest value
x,,1=2 for the second lowest value x,, and so on, up to i = N for
the highest value of mechanical property x,. For each sample, an
estimate for the probability of failure is assigned by P, = i/(N +
1).12*] The data is finally plotted in the following linearized form
of the Weibull distribution:

ln[ln ((1—_112))} =m In(x;) —m In (x,) (Eq A.3)

The Weibull modulus m is determined from the slope of the
In[In(1/(1 = P,)] versus Inx; plot, and the characteristic value x,
comes from the intercept. These are often determined using the
least-squares method. The above approach was used to deter-
mine the Weibull modulus for Vickers and Knoop hardness and
the elastic modulus for the titania coatings.
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