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HVOF Thermal Spray Deposited Y,0O,-Stabilized
ZrO, Coatings for Thermal Barrier Applications
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High velocity oxy-fuel (HVOF) thermal spray has been successfully used to deposit yttria-stabilized zirconia
(YSZ) for thermal barrier coating (TBC) applications. Adherent coatings were obtained within a limited
range of spray conditions using hydrogen as fuel gas. Spray parameters such as hydrogen-to-oxygen ratio,
spray distance, and substrate cooling were investigated. Spray distance was found to have a pronounced
effect on coating quality; adherent coatings were obtained for spray distances between 75 and 125 mm from
the gun exit for the hydrogen-to-oxygen ratios explored. Compared to air plasma spray (APS) deposited YSZ
coatings, the HVOF deposited coatings were more fully stabilized in the tetragonal phase, and of similar
density, surface roughness, and cross-sectional microhardness. Notably, fracture surfaces of the HVOF coat-
ings revealed a more homogeneous structure. Many theoretical models predict that it should not be possible
to melt YSZ in an HVOF flame, and therefore it should not be possible to deposit viable YSZ coatings by this
process. The experimental results in the present work clearly contradict those expectations. The present
results can be explained by taking into account the effect of partial melting and sintering on particle cohesion,
as follows. Combustion chamber pressures (P,) of ~3.9 bar (58.8 psi) realized during HVOF gun operation
allows adiabatic flame temperature values that are above the zirconia melting temperature. Under these
conditions, the Ranz-Marshall heat transfer model predicts HVOF sprayed particle surface temperatures 7},
that are high enough for partial melting of small (~10 pm) zirconia particles, 7,, = (1.10-0.95)7,,,. Further
analysis shows that for larger particles (38 pm), adherent coatings are produced when the particle tempera-
ture, 7, = 0.59-0.60 T,,, suggesting that sintering may have a role in zirconia particle deposition during
HVOF spray. These results suggest two different bonding mechanisms for powders having a broad particle
size distribution.

ing neither a high vacuum, as in EB-PVD, nor a high voltage
(40-80 kW direct current) power supply as in APS deposition.

HVOF thermal spray technology has attracted increased at-
tention recently because of its ability to deposit highly dense
coatings of low melting temperature composite and alloy pow-
ders such as WC-Co,!? Cr3C2-NiCr,[2] TiC-Ni,®! Inconel
718,24 Inconel 625,** and copper-nickel-indium alloys.!
The potential for using HVOF combustion spray to deposit yt-
tria-stabilized zirconia (Y'SZ) coatings for thermal barrier (TBC)
applications has largely been ignored because HVOF has a much
lower deposition temperature that may preclude complete melt-
ing of the YSZ particles in the flame. Traditionally, APS had
been used for depositing YSZ for TBC applications because the
plasma source yields jet temperatures as high as ~14 000 K, gen-
erally ensuring complete particle melting during deposition. A
conventional requirement for the deposition of viable coatings
by thermal spray techniques is complete particle melting during
deposition.

In practice, the adiabatic flame temperature in the HVOF
combustion chamber depends on the fuel gas used, fuel-to-
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1. Introduction

Thermal barrier coatings (TBCs) are used to reduce the sur-
face temperature of turbine components by as much as 140 °C.["!
In service environments where temperatures are in excess of
1300 °C, thermal barrier coatings potentially allow higher oper-
ating temperatures or longer component life. TBC lifetime and
reliability, however, remain issues because thermal shock (due
to thermal cycling) and oxidation of the underlying bond coat
can lead to TBC spallation. Refurbishing these coatings using
the current technology for TBC deposition, such as electron
beam physical vapor deposition (EB-PVD) or air plasma spray
(APS), is both costly and time-consuming. Coating restoration
may be more convenient using high velocity oxy-fuel (HVOF)
thermal spray because of its simpler operational design, requir-
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oxygen ratio, gas flow rates, and combustion chamber pressure.
The highest flame temperatures reportedly attained in the HVOF
system are 3,160 °C using acetylene fuel gas®! and 2896 and
2856 °C using propylene and hydrogen, respectively.!>) How-
ever, the cooling necessary to maintain the structural integrity of
the copper gun nozzle removes an estimated 5-25 kW h of heat
from the flame, leaving even less energy for heating the YSZ
particles. YSZ is a high melting temperature refractory ceramic
having a melting temperature of 2,677 °C. Moreover, the low
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thermal conductivity (~1.1W/m/K) of zirconia could introduce
problems with intra-particle heat conduction and melting at the
core of the 40 pm diameter particles typically used for thermal
spray deposition processes.[®’

Several authors have modeled the in-flight melting and im-
pact behavior of ceramic particles in an HVOF jet.*%7! Joshi
constructed a finite difference model of particle heat-up and ac-
celeration, which includes Knudsen non-continuum effects.*¢!
According to the Joshi model, the Knudsen non-continuum ef-
fect will have a large impact on the jet to particle heat transfer for
particle sizes below 50 um in an HVOF flame."! Joshi calcu-
lated the core temperature of alumina and zirconia particles in an
HVOF flame. The model predicted that unmolten zirconia re-
mains at the particle core for zirconia particles as small as 10
um.¢! This modeling work makes the HVOF deposition of
molten zirconia seemingly impossible.*!

A few models suggest that complete particle melting is not
absolutely required in order for successful zirconia coating de-
position by HVOF to occur. Kadyrov et al. included the effect of
heat generated by particle collision with the substrate into cal-
culations to determine zirconia particle melting behavior during
HVOF deposition.!” Tt was shown that a 10 um diameter zirco-
nia particle accelerated in a supersonic jet reached a 94% molten
state if all of the particle’s kinetic energy is transformed into
heat, which then is re-absorbed by the particle upon impact.[”!
Kadyrov et al. arrived at this solution employing a stoichiomet-

List of Symbols
P, combustion chamber stagnation pressure, bar
ds,  mean particle diameter, pm
R, surface roughness average, pm
[ flame equivalence ratio
M; Mach number
U jet velocity, m/s
U maximum jet velocity, m/s
o exponential decay constant for jet velocity
X axial distance, m
X, potential core length, m
D nozzle diameter, mm
T jet temperature, °C
T; maximum jet temperature, °C
T, ambient temperature, °C
T, particle surface temperature, °C
T,°  initial particle surface temperature, °C
T,  zirconia melting temperature, °C
Vo particle velocity, m/s
V,*  initial particle velocity, m/s
Ps zirconia particle density, g/cm?
d, particle diameter, pm
Mg integral mean gas viscosity, N s/m?
[ integral mean gas density, g/cm?
Ky integral mean gas thermal conductivity, W/m K
Cy coefficient of Drag
Re  Reynolds number
C, specific heat of zirconia, J/g K
h Ranz-Marshall heat transfer coefficient, W/m? K
Nu  Nusselt number
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ric, hydrogen fueled flame having a reported temperature of
2727 °C (at 9.7 bar or 145 psi). This modeling work demon-
strated the possibility that the HVOF flame could melt YSZ and
other high melting temperature powders.

It has been experimentally shown that the high velocity of the
flame generates large-scale eddies and vortices,’® which small
(=5 um) particles would follow, leading to segregation to the jet
periphery where they would not experience the maximum flame
temperatures.[®! However, recent work on the HVOF deposition
of nanocrystalline Inconel 718 having a slightly larger mean par-
ticle size of 10 pm!) and alumina having an average particle size
of 15 um!'*'" suggested that particles as small as 10 um par-
ticles will travel along the center-line of the HVOF jet. Ramm et
al. and Sturgeon et al. deposited alumina coatings by HVOF us-
ing starting powders having a mean particle size of 15 pm.!'%'!]
These coatings compared well with alumina coatings deposited
by air plasma spray.l''! The results also expose a discrepancy
between earlier predictions and actual particle deposition behav-
ior during HVOF spraying!'®!'!! in that small particle sizes may
be required for complete melting of high temperature refractory
materials during HVOF spray, but they may not be required to be
as small as 5 or 10 um in order for deposition to occur. As addi-
tional evidence that HVOF is capable of depositing high melting
temperature particles, TWI in the UK issued a very brief report
in 1995 that the researchers were able to use HVOF spray to
deposit YSZ; however, no further discussion of adhesion, mi-
crostructure or overall coating quality was given for these coat-
ings.[' The work of Cole et al. is the earliest work clearly dem-
onstrating the ability of HVOF to deposit YSZ coatings.['*!
However, the highly ignitable acetylene fuel gas, used in this
study because of its high combustion temperature, permitted
only low gas pressures (1.47 bar or 22 psi) to be used. Modifi-
cations to the gas supply in the HVOF gun designed were re-
quired to deliver the acetylene gas without further pressure drop
and allow the gun to operate at conditions approaching super-
sonic.['* In summary, there is no consensus that high melting
temperature refractories can be deposited by conventional, su-
personic HVOF guns, and no clear evidence that YSZ can be
deposited, in particular. The present work, therefore, attempts to
answer some open questions surrounding YSZ deposition by
HVOF.

2. Experimental Procedure

2.1 Materials

Tosoh Corporation (Belle Meade, NJ) manufactured the 5.4
wt.% YSZ starting powder used for HVOF deposition. The com-
position of the YSZ starting powder is listed in Table 1. The
yttria content of the starting powder used for these experiments
was slightly lower than the 6-8 wt.% considered optimum for
thermal barrier coating applications.!'*! However, the slightly
lower yttria content powder used for these experiments has no
significant effect on the melting temperature of the particles.!'
The mean particle size (ds,) by volume, determined using a Mal-
vern Mastersizer S (Southborough, MA) particle size analyzer,
was 38 um. The 38 pm particles were spray-dried granules com-
prised of smaller, ~200 nm agglomerates, comprised in turn of
27 nm crystallites (crystallite sizes reported by the Tosoh Corp.).
The crystallite size in the starting powders was also determined
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in the present work by x-ray diffraction (XRD) line broadening.
The results yielded slightly larger crystallite size (40.6 nm) than
was reported by the manufacturer. A micrograph of the starting
powder is shown in Fig. 1. For HVOF studies, 25 x 25 x 7.5mm
nickel-based superalloy substrate test pieces were first coated on
one side with a 150 pum thick Ni-22Cr-10AlI-1Y bond coat by
APS at the Engelhard Corporation (East Windsor, CT).

2.2 Thermal Spray Deposition

The YSZ powder was deposited using a Stellite Coatings Inc.
Jet-Kote II-A system (Goshen, IN) with a 153.8 mm long and
6.35 mm inner diameter nozzle at Drexel University’s Center for
Plasma Processing of Materials (DU-CPPM, Philadelphia, PA).
The total combustion chamber pressure (P,) used during these
experiments was 3.9 bar (58.8 psi). Hydrogen-rich flames hav-
ing oxygen-to-fuel ratios of 0.385, 0.420, and 0.463 were used
during these experiments. The powders were hopper fed using a
Plasmadyne (Santa Anna, CA) volumetric powder feeder with
an argon carrier gas. The substrates were fixed on a stationary
support and the HVOF gun was mounted onto a Sulzer Metco
(Westbury, NY) X-Y traverse fixed at standoff distances of 75,
100, and 125 mm. The gun moved horizontally across the sub-
strate right-to-left or left-to-right. Multiple (~4) traverses, each
offset from the next, were required to cover the entire substrate
area. A single pass was achieved only when the entire substrate
had been traversed in this manner. The 150-300 um thick coat-
ings were typically deposited in 4 or 5 passes. In some cases,
chilled water (25 °C) provided substrate cooling via a copper
chill-block located behind the substrate. In all cases, substrate
pre-heats were performed in an initial gun pass without YSZ
powder. Spray parameters for the HVOF coatings are given in
Table 2.

Air plasma sprayed YSZ coatings were deposited by the En-
gelhard Corporation and used for comparison with the HVOF
coatings.

2.3 Characterization Techniques

The HVOF and APS deposited YSZ coatings were vacuum
infiltration epoxy mounted and the mounts were cut in cross-
section. The metallographic cross sections were polished to a
1-um diamond finish and examined by scanning electron mi-
croscopy. The fracture surfaces of both coating types were pre-
pared and examined by scanning electron microscopy. Pore vol-
ume was determined by the point count method!'! using 500
micrographs. The porosity mean and deviation reported are the
result of measurements taken from six different HVOF coatings.

The surface roughness of the YSZ coatings was measured
using a Tencor Instruments Alpha-Step 200 stylus tracing pro-
filometer (Milpitas, CA). The stylus tip scanned a distance of
2000 pm on the sample surface at a scan rate of 250 um/s. The
roughness (R,) reported was the mean of four values scanned
from different areas on a YSZ coating surface. The roughness of
the Ni-22Cr-10Al-1Y bond coat layer was measured as well.
The same bond coats were used for both the APS and HVOF
deposited YSZ samples. The bond coats were deposited at the
Engelhard Corporation.

Vickers microhardness values were measured on polished
crosssections using a Leco V-100-C1 hardness tester (St. Jo-
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Fig.1 The Y,0;-stabilized ZrO, starting powder used for HVOF de-
position is a commercial powder manufactured by the Tosoh Corp. The
composition of the starting powder is listed in Table 1.

Table 1 Chemical Composition of the Yttria-Stabilized
Zirconia Powders Used for HVOF Thermal Spray
Manufactured by Tosoh Corporation (a)

Chemical Compound Composition of Powder, wt.%

Zr0, balance
Y,0, 5.15

AlLO,4 <0.005
Sio, 0.006
Fe,0, 0.003
Na,O 0.021

(a) Chemical analysis provided by Tosoh Corporation

seph, MI). Indentations were made in the coatings using a 0.3 kg
load for 5 s. The reported microhardness values are the average
of six samples in which ten indentations were made at random
locations along the sample cross-section. The microhardness of
sintered compacts of known density were measured for compari-
son. The sintered compacts were prepared using the commercial
Tosoh Corp. YSZ powder. The density of the sintered compacts
was determined by the Archimedes’ immersion technique using
water as the medium. Microhardness values reported for the sin-
tered compacts are an average of six indentations made at ran-
dom locations on the compact surface.

XRD was performed on the both APS and HVOF deposited
YSZ coatings to determine the crystalline phases present. A
Rigaku Geigerflex x-ray diffractometer (Wakefield, MA) was
used. XRD line broadening (XRDLB) of the (111) tetragonal
peak located at 30.168° was used to determine the crystallite size
in the coatings in the manner of the Scherrer technique.!'”?

3. Results and Discussion

3.1 Particle and Gas Dynamics

3.1.1 Effect of Hydrogen-to-Oxygen Ratio. The adiabatic
flame temperature was calculated for a range of flame stoichi-

Journal of Thermal Spray Technology



Table 2 Spray Parameters Used to Investigate HVOF Thermal Spray Deposition of YSZ

Sample Equivalence Combustion Total Gas Spray Chilled Water
No. Ratio ® Pressure, Bar Flow Rate, kg/s Distance, mm Temperature
1 1.29 4.1 0.005944 100 none

2 1.29 4.1 0.005944 100 25°C

3 1.29 4.1 0.005944 75 none

4 1.29 4.1 0.005944 125 none

5 1.18 3.97 0.005874 100 none

6 1.18 3.97 0.005874 100 25°C

7 1.18 3.97 0.005874 75 none

8 1.07 3.81 0.005804 100 none

ometries using the Chem-Sage thermochemical equilibrium
modeling software developed by GTT Technologies (Aachen,
Germany). The Chem-Sage thermochemical equilibrium calcu-
lations were performed considering the equilibrium reaction

0.5
H2+$O2 — aH,0 + bOH + cH + dO + ¢O; + fH,0,
+ gHO, + hH, + iO, (Eq 1)

where ® is an expression of the hydrogen-to-oxygen ratio called
the equivalence ratio, defined as

HZ HZ
®= 02 (Oz > stoichiometric (Eq 2)

and a-i are the equilibrium amounts of the gaseous species. Most
computational models for HVOF gas dynamics assume an equi-
librium reaction in the combustion chamber although the reac-
tion does not proceed to yield equilibrium products during actual
HVOF gun operation.!'® The equivalence ratios (®) used in this
work were 1.29, 1.18, and 1.07, corresponding to adiabatic
flame temperatures of 2965, 2983, and 2989 °C, respectively.

3.1.2 Effect of Combustion Chamber Pressure. Adia-
batic combustion flame temperatures are typically reported for
0.98 bar of total pressure. Chem-Sage thermochemical calcula-
tion software allows the adiabatic flame temperature to be cal-
culated for various pressures. Figure 2 shows the isobaric varia-
tion in adiabatic flame temperature with equivalence ratio (®).
The combustion chamber pressures used in Figure 2 are 0.98,
3.9, 7.8, and 9.8 bar. In the present study, combustion chamber
pressures were calculated using the Jet-Kote II gun geometry
and gas flow rates assuming adiabatic, isentropic fluid flow
within the gun nozzle. These assumptions are valid provided that
the gun nozzle walls are smooth, so that frictional effects can be
neglected, and the gas has zero viscosity, eliminating irrevers-
ible effects on fluid flow." I Results show the HVOF deposition
experiments were performed using a combustion pressure (P,)
of ~3.9 bar (Table 2). As can be seen in Fig. 2, the adiabatic
flame temperature varies by as much as 300 °C with variations in
total gas pressure in the combustion chamber. Using 3.9 bar total
pressure, flame stoichiometries having equivalence ratios be-
tween ~0.35 and ~2.2 have adiabatic temperatures higher than
the melting temperature of YSZ.

3.1.3 HVOF Flame Temperature and Velocity Profiles.
Tawfik et al. developed a set of empirical generalized equations
for the gas velocity and temperature in an HVOF flame.”!
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The equations are valid for Mach numbers (M;) between 1.5 and
2.5. The generalized equations were tested experimentally for
consistency with gas dynamics using a Hobart Tafa JP-5000
HVOF gun fueled with kerosene gas.[*”! The generalized equa-
tion for flame velocity is

U

a
szl—exp<—1_x/xc> (Eq3)

where U'is the gas velocity, U is the maximum gas velocity, a is
the exponential decay constant taken as 0.85 (20), X is the axial
distance along the gun barrel, and X, is the potential core length.
The potential core is the supersonic region containing the shock-
diamond structure,[®% and its length (X,) is a function of nozzle
diameter (D) and jet Mach number (34;):

X, .
=35+ 10M, (Eq 4)

Physically, both the potential core length (X,) and the exponen-
tial decay constant are also related to the flame density ratio be-
tween jet and ambient conditions.’?” The exponential decay
constant, o, has a dependence on jet Mach number, as well.l*?]
The nozzle diameter (D) of the Stellite Coatings (Goshen, IN)
Jet Kote Il gun is 6.35 mm. The jet Mach number is M; = 1.97 as
mentioned above. The maximum gas velocity (U;) was taken as
2690 m/s due to the jet Mach number (M;) of 1.97, calculated at
the exit plane for the conditions of gas flow used in this study.
The generalized flame equations from this prior work were
applied in the present work to yield flame velocity and tempera-
ture profiles for an HVOF H,-O, combustion flame without fur-
ther modification. However, comparison between the general-
ized flame equation values and available hydrogen flame
velocity data show that the standard deviation in potential core
length and exponential decay constant are 0.6 mm and 0.8 a.u.,
respectively.[*! Figure 3(a) shows graphically the flame veloc-
ity along the gun axis using the generalized flame velocity equa-
tion. In this case, the potential core length X, is 50.8 mm. The
calculated potential core length shows good agreement with the
40-50 mm potential core lengths measured on subsonic hydro-
gen flames by laser Doppler velocimetry.?'! This agreement in-
dicates that potential core length does not vary substantially with
Mach number. Prior velocity measurements for hydrogen
flames have shown larger values of the exponential decay con-
stant (a = 2). However, the velocity measurements were per-
formed on flames traveling at subsonic velocities'*'! and so di-
rect correlation with « is not expected. The exponential decay
constant o determined for use in the generalized flame equa-
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Fig.2 Adiabatic flame temperature of H,-O, flames under various pressures. The combustion chamber pressure used for this work was 3.9 bar (A).
Other combustion chamber pressures considered in these calculations were 9.8 bar (O), 7.8 bar (#), and 0.98 bar (). The data were generated using

Chem-Sage thermochemical calculation software.

tiont?*! was developed for a HVOF gun system and is, therefore,
more closely related to this study.

Figure 3(b) shows the generalized equation for flame tem-
perature profile from the equation:

T-T, 1.25
Tj—Ta_l_eXp<1—X/Xc> (Eq5)
where T, is ambient temperature (25 °C) and 7} the maximum jet
temperature. The maximum jet temperatures (7;) used in the
equation was 2965 °C, the adiabatic flame temperature for d =
1.29 and P_ = 3.9 bar, without consideration for the cooling im-
parted by the copper gun nozzle.

3.1.4 HVOF Particle Temperature and Velocity Profiles.
Certain combinations of experimental parameters enabled ad-
herent YSZ coatings to be produced by HVOF. Spray conditions
successful in yielding adherent coatings were hydrogen-to-
oxygen equivalence ratios (®) of 1.29, 1.18, and 1.07, and spray
distances of less than 125 + 5 mm. Analytical solutions to the
momentum and heat transfer equations were implemented to de-
termine the particle velocity and temperature during deposi-
tion.[**! The analytical solution to the momentum transfer equa-
tion ignores gravitational, Basset history, or centrifugal forces
acting on the particle. The momentum transfer equation is nu-
merically solved

Vp=U—(U—V;)exp< at) (Eq 6)

T
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where V,, U, and V,® are particle velocity, jet velocity, and initial
particle velocity, respectively. The variable 7 is expressed by the

following

24p,d;,

"7 18,CyRe

(Eq7)

where p, is the zirconia particle density (6.08 g/cc), d,, is particle
diameter, m, is the integral mean gas viscosity, Cy is the coeffi-
cient of drag, and Re is the Reynolds number. The coefficient of
drag for spherical particles as a function of the Reynolds num-
ber?*! is described as follows:

C —ﬁa +1.015Re™®")  Re =< 1000
47 Re ' -

(Eq 8)
Cy=0.44 Re > 1000

The particle Reynolds number is calculated by the following:

(lvg - Vpl) d,

Re=m, 5
g

(Eq9)

where p,, is the integral mean gas density.
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Fig.3 Tawfik etal.['>] generalized equations for HVOF jet velocityand temperature. The potential core length (X,.) is the supersonic region containing
the shock-diamond structure.!®! This constant velocity region is followed by an exponential decay velocity function. The exit flame velocity at the
nozzle exit is 2686 m/s and the particle injection velocity is 20 m/s. (a) The flame and particle velocity profiles fora 10 um YSZ particle. (b) The flame
and particle temperature profiles for a 10 um YSZ particle. The maximum flame temperatures correspond to the adiabatic flame temperatures for one
of the three flames used in this work, namely ® = 1.29. Coatings were deposited for 75-125 mm spray distances. The temperature of a 10 um particle
at these distances is near the melting point of YSZ: 7= (1.10-0.95)7,,.. (¢) The flame and particle velocity profiles for a 38 pm YSZ particle. (d) The
flame and particle temperature profiles for a 38 pm ¥sz particle. The maximum flame temperature is 2965 °C. Since coatings were deposited for
75-125 mm spray distances, the temperature of a 38 pm particle during deposition is 7, = (0.59-0.60) 7.

The Ranz-Marshall heat transfer equation was used to deter-
mine particle temperature,

—6hot
> (Eq 10)

T,=T,—(T,—Tj)ex <
p g g p p pscpdp
where T, T, and 7,° are particle temperature, gas temperature,
and initial particle temperature, respectively, c,, is specific heat
of the zirconia particle (604J/kg K), and h is the heat transfer
coefficent. The expression for the heat transfer coefficient 4 is

h= £ (Eq 11)
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where Nu is the Nusselt number and , is the integral mean gas
thermal conductivity. The details of the numerical formulation
to solve the momentum and heat transfer are described else-
where.[**]

Figure 3(a) shows the gas and particle velocity trajectories
after exit from a 150 mm nozzle. The particle injection velocity
used in the model is 20 m/s. Figure 3(b) shows that 10 pm zir-
conia particles will realize temperatures above the melting tem-
perature from the exit to a spray distance of 90 mm. Experimen-
tally, coatings were obtained for spray distances between 75 and
125 mm. A 10 um particle thus experiences temperatures rang-
ing from 1.10-0.95 T, suggesting that partial melting of these
particles occurs during successful deposition. Figures 3(c) and
3(d) show the particle temperature and velocity profile outside
of the gun nozzle for 38 pm particles, the mean particle size in
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Fig. 4 HVOF coated test pieces 1-8. Corresponding spray parameters are listed in Table 2. Spray parameters that yielded adherent coatings!'=--¥]
were flame compositions having equivalence ratios (®) of 1.29, 1.18, and 1.07 and spray distances of 75 and 100 mm. Sample 4 was deposited using

a spray distance of 125 mm using an equivalence ratio of 1.29.

the present powder. For 38 pm, the particle temperature during
successful deposition is 0.59-0.60 of T,,,, suggesting that the in-
ter-particle cohesion mechanism for larger particles is more re-
lated to sintering than melting.

3.2 Properties of HVOF and APS Thermal Spray
YSZ Coatings

3.2.1 HVOF vs Air Plasma Spray Deposited YSZ Coat-
ing Microstructures. Figure 4 shows photographs of several

220—Volume 12(2) June 2003

HVOF deposited samples (no. 1-8) corresponding to the depo-
sition conditions given in Table 2. Test pieces that experienced
peeling (e.g., sample no. 4) were also subjected to metallo-
graphic examination. The microstructures of YSZ coatings de-
posited by high velocity oxy-fuel (HVOF) and air plasma spray
(APS) are shown in Fig. 5. The thickness of the HVOF deposited
YSZ coatings were on average 250 um, obtained in 5-10 gun
passes. The HVOF spray deposited YSZ coatings are character-
ized by vertical cracks and fine scale interlamellar porosity. The
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Fig. 5 Polished cross sections of Y,05-stabilized ZrO, (YSZ) coat-
ings deposited by (a) high velocity oxy-fuel (HVOF) and (b) air plasma
spray (APS). (a) HVOF deposited Y,0O;-stabilized ZrO, coating (Con-
ditions: ® = 1.07, spray distance = 100mm without chilled water cool-
ing). The HVOF deposited coatings contained 21 + 6.3 vol% porosity by
the point count method. Micrograph is taken at 150%. (b) APS deposited
Y,0;-stabilized ZrO, coating contains 26 + 4.3 vol% porosity by the
point count method. Micrograph is taken at 210x.

vertical cracks may be attributed, in part, to highly dense regions
within the coatings, which yield a higher modulus and hence
high internal stresses for a fixed strain. Both the HVOF and the
APS deposited YSZ coatings have morphologies containing in-
terlamellar pores, which are consistent with the splat microstruc-
tures of thermal spray coating. However, the interlamellar po-
rosity in the HVOF coatings appears much finer, and single
crystallites bridging across splat boundary regions are seen in
Fig. 6, whereas the APS deposited coatings contain large, round
pores not seen in the HVOF coatings. Single crystallites bridg-
ing across porosity are not observed in APS deposited coatings;
rather the large pores in the APS coatings are bordered on all
sides by non-bridging crystallites. The single crystallite bridges
observed in HVOF coatings may indicate the occurrence of
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Fig. 6 Micrograph shows single crystallites bridging across an inter-
lamellar pore in the HVOF coating. These bridging crystallites are not
observed in APS deposited coatings and could represent regions of
solid-state sintering during HVOF deposition.

solid-state sintering during deposition. The volume of porosity
in the HVOF and APS deposited coatings were 21 + 6.3 and
26 + 4.3 vol%, respectively, as determined by point count. The
total pore volume of both YSZ coatings were within the range of
standard deviation, and the difference was not considered sig-
nificant.

The HVOF coatings have a more homogeneous grain size
distribution than the APS coatings as shown qualitatively in Fig.
7. The nonuniform grain sizes in the APS coatings were attrib-
uted to grain coarsening due to heating by the plasma jet, which
inputs significantly more heat during the multiple pass deposi-
tion process than the HVOF jet. The mean crystallite sizes in the
HVOF and APS deposited coatings were 141 and 172 nm, re-
spectively, as determined by XRDLB.

Cross-sectional views of the fracture surfaces of the two coat-
ings are shown in Fig. 8. The APS fracture surface contained an
intersplat, columnar structure indicating that directional solidi-
fication of impacted particles had occurred. The absence of this
sort of directional solidification from the HVOF fracture surface
indicates a lesser degree of melting. The finer, more homoge-
neous microstructure of the HVOF coatings may have some per-
formance benefits, such as a more isotropic modulus, retention
of the desirable tetragonal phase for longer times at high tem-
perature, and fewer flaws to act as crack initiation sites leading
to coating failure.

3.2.2. Surface Roughness of HVOF vs APS Deposited
YSZ Coatings. The roughness average (R,) of the bond coat
was determined by stylus tracing profilometry to be 8.95 (+0.52)
pm. The roughness averages (R,) for the overlaying YSZ coat-
ings are reported in Table 3. The values for the APS and HVOF
deposited coatings are 10.13 (£1.40) um and 13.10 (£1.61) pum,
respectively. The surface roughness of the HVOF deposited
YSZ coating falls within experimental error to that of the APS
deposited YSZ coating. The similar surface roughness values
found for the YSZ coatings are unexpected because typical APS
deposited alumina coatings are reported to have a roughness av-
erage approximately three times that of HVOF deposited alu-
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Fig. 7 Cross-sectional view of grain structures of YSZ coatings de-
posited by (a) HVOF and (b) APS at 40 000x magnifications. The
HVOF deposited coating has a more uniform grain structure. (a) HVOF
deposited YSZ coating has an average grain size of 141 nm as deter-
mined by XRDLB. (b) APS deposited YSZ coating has an average grain
size of 172 nm as determined by XRDLB.

mina coatings.[''! The lower surface roughness in the HVOF
deposited alumina coatings, relative to APS deposited alumina,
can be attributed to the higher impact velocity imparted during
deposition and the ability of the HVOF gun to melt alumina. The
HVOF deposited a-Al,O; starting powders experienced 88%
melting as indicated by the relative amounts of y-Al,O; and
a-Al,0, in the coatings.!'")

3.2.3 Microhardness of HVOF vs APS Deposited YSZ-
Coatings. The Vickers microhardness values for the HVOF
and APS YSZ coatings were 5.46 £ 0.56 GPa and 5.20 + 0.69
Gpa, respectively. The differences in microhardness values for
the HVOF and APS deposited YSZ coatings are not significant
and are within the range of experimental error. The Vickers mi-
crohardness of plasma sprayed YSZ has previously been re-
ported as 4.5 GPa for a coating containing 17.5 vol% poros-
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Fig. 8 Cross-sectional view of fracture surfaces of YSZ coatings de-
posited by (a) HVOF and (b) APS at 4000x. (¢) The intrasplat columnar
structure is absent from the HVOF deposited YSZ coating, which ex-
hibits fine, equiaxed crystallites. (d) APS deposited YSZ coating frac-
ture surface shows a columnar intrasplat structure indicative of direc-
tional solidification during splat quenching typical of air plasma spray
deposited coatings.

ity.[**! Figure 9 shows the relationship between Vickers
microhardness and density for both the HVOF and APS depos-
ited YSZ coating as well as sintered zirconia compacts of known
density from this and previous work.”?>! The plot clearly shows
that the microhardness values of the sintered compacts and ther-
mal spray deposited coatings follow an exponential trend in
coating porosity as predicted by others.!?>2]

3.2.4 Phase Composition of HVOF vs APS Deposited
YSZ Coatings. The XRD patterns of HVOF and APS coatings
are shown in Fig. 10 along with the pattern for the feedstock
powder. The monoclinic phase, although present in the feed-
stock powders used for HVOF deposition, was absent from the
resulting coatings, suggesting that, in the present work, particle
temperatures attained during thermal spraying were high enough
to induce the monoclinic to tetragonal phase transition, which
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Fig.9 Vickers microhardness as a function of density for sintered YSZ compacts ( 4 ) prepared using the Tosoh Corp. TZ-3Y powders used later for
HVOF deposition. The HVOF (5.46 + 0.56 GPa) and APS (5.20 + 0.69 GPa) deposited YSZ coatings (<) used in this work are also represented.
The data represented for lower than 10% porosity were taken from Ref. 24 (A). The empirical curve-fit through the data, H=16.807¢ %Y R =0.95,

is representative of the microhardness dependence on porosity.

Table3 APS and HVOF Spray YSZ Coating Properties

Deposition Porosity, Gain Size, Surface Microhardness, Phase
Process vol.% nm Roughness, pm GPa Constituents
HVOF 21+63 141 13.1+1.6 5.5+0.56 t

APS 26+4.3 172 10.1+1.4 5.2+0.69 t, minor m
APS NiCrAIY 8.95+0.5

begins at ~590 °C and is complete at ~800 °C. Clearly, the te-
tragonal phase is dominant in the HVOF coatings. In compari-
son, a small amount of monoclinic phase was found in the APS
coating, as shown in Fig. 10. A slow scan rate of 0.1 °/min from
72-76° was used to confirm the absence of the cubic phase from
the starting powder and both coatings types. For both the HVOF
and APS coatings, the diffraction patterns showed a small peak
at 44°, which corresponds to the {111} peak of the underlying
NiCrAlY bond coat.

The quenched-in tetragonal phase is common in air plasma
spray thermal barrier coatings.[*”-?°! The monoclinic phase,
however, is detrimental. More than 5 vol.% of the monoclinic
phase means coating de-stabilization on cooling is possible,
which would resulting in cracking and premature coating spall-
ation. In general, air plasma spray coatings containing 0-1 vol.%
of the monoclinic phase have higher resistance to thermal
shock.[*”) In the present study, a slow scan from 27-29° con-
firmed the presence of a small (<1 vol.%) amount of the mono-
clinic phase in the APS coatings deposited at Engelhard Corpo-
ration and did not reveal the presence of any monoclinic phase in
the HVOF coating.

Journal of Thermal Spray Technology

4. Conclusions

Yttria-stabilized zirconia coatings were deposited by HVOF
within a narrow range of spray distances (75-125 mm) and sev-
eral hydrogen-to-oxygen ratios having adiabatic flame tempera-
tures above the YSZ melting temperature. The microstructure of
the HVOF deposited YSZ coatings compared well with those
deposited by APS. Porosity, microhardness, grain size, and
phase constituents were very similar between the HVOF and
APS YSZ coatings. Additionally, there may be some benefits
offered by HVOF deposition of YSZ, including deposition of a
finer and more homogeneous grain microstructure and creation
of highly stabilized coatings.

The powders used for this study had a mean particle size of 38
pm and contained 2 vol.% 10-20 um particles. Calculations of
the adiabatic flame temperatures both within the HVOF spray
nozzle and along the flame path indicate that the temperature of
the HVOF jet using hydrogen fuel gas is high enough to at least
partially melt small (~10 um) zirconia particles. Using experi-
mentally determined spray conditions deemed necessary to pro-
duce adherent coatings (i.e., spray distances of 75-125 mm), the
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Fig. 10 XRD patterns for (a) starting powder, (b) HVOF coatings, and (c¢) APS coating.
(1) Commercial YSZ feedstock powder manufactured by the Tosoh Corp. was used this study. (1) Air plasma spray coating was deposited using a
different YSZ feedstock powder.
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particle temperatures required for the deposition of small (10
um) and mean diameter (38 um) particles were modeled. Mean
diameter particles (~38 pm) experience temperatures only on the
order of 0.59-0.60 T, suggesting that, for these particles, sinter-
ing rather than melting may assist in particle cohesion during
HVOF thermal spray deposition.
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