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ABSTRACT
Thermal barrier coatings (TBC) with MCrAlY (M=Co and/or Ni) bond coats have
been widely used in hot sections of gas turbines to protect underlying superalloys from
high temperatures, oxidation, and hot corrosion. Deposition of MCrAlY bond coats using
atmospheric plasma spray (APS), as oppose to conventionally employed vacuum/lowpressure plasma spray and high velocity oxy-fuel deposition, allows greater flexibility in
ability to coat economically and rapidly for parts with complex geometry including
internal surfaces. There were three objectives of this study. First, relationships between
APS spray parameters and coating microstructure was examined to determine optimum
spray parameters to deposit APS CoNiCrAlY bond coats. Second, free-standing APS
CoNiCrAlY coatings were isothermally oxidized at 1124°C for various periods to
examine the evolving microstructure of internal oxidation. Third, as a function of time of
isothermal oxidation (i.e., internal oxidation), thermal conductivity and coefficient of
thermal expansion were measured for free-standing APS CoNiCrAlY bond coats.

Thirteen CoNiCrAlY coatings were deposited on steel substrates by APS using
the F4-MB plasma torch. APS CoNiCrAlY bond coats were produced by incremental
variation in the flow rate of primary (argon) gas from 85 to 165 SCFH and the flow rate
of secondary (hydrogen) gas from 9 to 29 SCFH. Optimum coating microstructure was
produced by simultaneously increasing the flow rate of both primary and secondary gas,
so that the particle temperature is high enough for sufficient melting and the particle
velocity is rapid enough for minimum in-flight oxidation.
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Optimum spray parameters found in this study were employed to deposit freestanding APS CoNiCrAlY coatings that were isothermally oxidized at 1124ºC for 1, 6,
50,100, and 300 hours. Extent of internal oxidation was examined by scanning electron
microscopy and image analysis. Internal oxidation occurred by a thickening of oxide
scales segregated at the splat boundaries oriented parallel to the coating surfaces.
Thermal conductivity and coefficient of thermal expansion (CTE) of the free-standing
APS CoNiCrAlY coatings were measured as a function of internal oxidation (i.e., time of
oxidation or extent of internal oxidation). Thermal conductivity of free-standing APS
CoNiCrAlY was found to decrease with increasing internal oxidation from 28 to 25 W/mK. This decrease is due to an increase in the amount of internal oxides with lower
thermal conductivity (e.g., Al2O3). CTE of free-standing APS CoNiCrAlY, measured in
temperature range of 100°~500°C, was also found to decrease with increasing internal
oxidation. Internal oxides have lower CTE than metallic CoNiCrAlY coatings. These
evolving properties of APS CoNiCrAlY should be beneficial to the overall performance
of TBCs in gas turbine applications.
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This work is dedicated to my family.
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1 INTRODUCTION

Since the inception of gas turbines, there has been a push to increase operating
performance by increasing hot section temperatures and improving component
lifetimes. By increasing hot section temperatures, higher cycle efficiencies can be
achieved. One method developed to achieve these improvements in the performance of
the gas turbines is to deposit a multi-layer thermal barrier coating (TBC). The top most
layer of this TBC system is composed of a durable low thermal conductivity ceramic
topcoat to insulate the substrate, which allows an increase in hot section operating
temperature. The material typically used for this application is a 7-8wt% Yttria Stabilized
Zirconia (YSZ). This topcoat is deposited on a metallic bond coat layer. This bond coat
layer is typically composed of either a MCrAlY (M=Ni and/or Co) or Pt-Aluminide layer.
Aside from being a good bonding surface for the YSZ, bond coat is also designed to
prevent oxidation and corrosion of the base superalloy. Bond coats may also be
responsible for compatibility between the superalloy substrate and the ceramic topcoat
[1],[2],[3], [4], [5], [6], [7], [8], [9]

.

In recent work it has been shown that TBC lifetimes with atmospheric plasma
spray (APS) CoNiCrAlY bond coats are not detrimentally affected by high levels of
internal bond coat oxidation under cyclic isothermal testing [10]. The main objectives of
this work are threefold; (1) understand the affects of APS processing parameters on
coating microstructures and internal oxidation in order to determine optimized APS
CoNiCrAlY coating parameters; (2) determine oxidation behavior of APS CoNiCrAlY
1

coating; (3) understand how the evolution of internal oxidation affects thermal
conductivity and coefficient of thermal expansion of APS CoNiCrAlY coatings.

•

Part I of this work will be conducted to understand how processing parameters
affects APS CoNiCrAlY as-sprayed coating microstructure and oxidization. It is
important to understand how these initial APS processing parameters affect the
resulting coatings in order to optimize APS bond coat properties.

•

Part II of this work will be conducted to understand oxidation behavior of APS
CoNiCrAlY coatings. By depositing free-standing APS CoNiCrAlY coatings using the
optimized processing parameters and conducting further isothermal furnace testing,
oxidation behavior of APS CoNiCrAlY can be examined.

•

Part III of this work will be conducted to understand how thermal-mechanical
properties change with internal oxidation of APS CoNiCrAlY coatings in order to
understand how these changes might impact TBC performance and lifetime.
Isothermally tested free-standing coatings will be used to determine evolution of
thermal conductivity and coefficient of thermal expansion of the coatings as a
function of bond coat internal oxidation.

2

2 LITERATURE REVIEW
2.1

Bond Coats

This work focused on the MCrAlY bond coat. To serve as an oxidation and
corrosion resistant coatings for the superalloys, MCrAlY acts as an aluminum reservoir
for the formation of a thermally grow oxide (TGO) composed of Al2O3 at the
topcoat/bond coat interface. Upon thermal exposure oxygen diffuses through the YSZ
and reacts with the aluminum in the bond coat to form the TGO scale through the
thickness of the bond coat,[1], [3], [4], [5], [6], [7], [8], [9], [11]. The TGO layer has very low oxygen
diffusivity reducing further bond coat oxidation [12]. By altering the ratio of Ni to Co
different levels of environmental protection can be achieved as shown in Figure 1.

Figure 1 – A schematic map of bond coat oxidation and corrosion protection
effectiveness.
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2.2

Thermal Spray Bond Coat Deposition Techniques

Various methods were developed though the years to deposit MCrAlY coatings.
This work focuses on thermal spray methods. These methods fall into two main
categories: plasma driven thermal spray and combustion driven thermal spray.
Combustion driven methods include detonation gun (D-gun) and high velocity oxy-fuel
(HVOF). The D-gun process uses rapid succession of controlled explosions to heat and
accelerate powder into a substrate at very high velocities >600m/s and low
temperatures. The HVOF uses continuous high-pressure high-velocity combustion of
compressed oxygen with various fuels to heat and accelerate spray material into a
target substrate. In most applications, HVOF has replaced D-gun due to the high
operation and maintenance cost and proprietary nature of D-gun spray equipment.
HVOF has been shown to be capable of generating powder particle velocities >600m/s
at relatively low deposition temperatures [13]. For this reason, HVOF coatings are
typically characterized by high density and low internal oxide content. Drawbacks to the
D-gun and HVOF processes include the need for a large, greater than 12-inch gun to
work (GTW) distance, which limits their ability to spray complex geometries and internal
diameter components like transition pieces, combustion liners and other hot gas path
components. GTW is defined as the distance between the torch face to the substrate.

The next method of depositing bond coats is the plasma driven thermal spray
techniques. These methods use electrically generated plasmas to heat and accelerate
spray particles. These plasmas generate very high temperatures on the order of
4

10,000K. Plasmas are generated from open arc between cathode and anode by
electrically exciting a primary and secondary plasma gases in a confined space. Plasma
torches can operate in a power range up to 200KW depending on the torch model.
Typical primary gasses include nitrogen and argon; secondary gases include nitrogen,
hydrogen, and helium. Due to the very high plasma temperature these techniques are
capable of heating metallic and ceramic spray particles into a molten state during their
short dwells in the plasma plume. Velocities seen for typical plasma spray methods do
not generally exceed 300m/s. The most widely used technique for plasma spraying of
oxidation resistant MCrAlY coatings is vacuum/low pressure plasma spraying
(VPS/LPPS)[14], [15]. In VPS/LPPS the spray chamber, commonly called a cell, is
evacuated prior to spraying in order to eliminate oxygen form the cell environment. By
removing oxygen the molten bond coat spray particles do not oxidize while in route to
the substrate producing very dense oxide depleted coatings. Without evacuation,
deposition of MCrAlY occurs in the presence of atmospheric oxygen, resulting in
oxidation of the outermost layer of MCrAlY particles during deposition. This oxide
remains in the resulting coating and forms oxide stringers along the splat boundaries
during deposition. By manipulating the plasma spray parameters, this as-sprayed oxide
content can be controlled but generally not eliminated. Plasma spray techniques have
the benefit of needing only a small gun to work (GTW) distance of 2-6 inches allowing
coating to be done for small complicated geometries and inside diameters of parts with
relative ease [16]. VPS and LPPS are commonly used techniques to deposit MCrAlY
bond coats, but due to the high capital costs (10 times that of APS) associated with
large vacuum equipment and the increase in production cell cycle time needed to
5

evacuate the cell between deposition runs, APS is becoming more widely used for bond
coat depositions [3], [17].

2.3

Effects of Spray Parameters on Atmospheric Plasma Sprayed Powders

This work focuses on the APS bond coat deposition technique. APS utilizes a
high DC arc current of 100 to1000 amps to strike an arc between a tungsten coated
copper cathode and anode in the presence of an electrically excitable primary gas to
generate a high temperature, high velocity plasma; argon and nitrogen gasses are
commonly used as primary gas. To enhance the plasma performance, a high enthalpy
secondary gas is injected in to the established plasma plume; nitrogen, hydrogen and/or
helium are commonly used for this role. The APS systems are typically water chilled to
prevent degradation and melting of the cathode and anode by the high temperature
plasma. Figure 2 shows a typical plasma spray torch setup.

To deposit a coating, powders are injected into the plasma plume where they are
heated and accelerated into a substrate generating splats. By using multiple passes,
these splat layers build up to the desired thickness generating the coating.
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Figure 2 – A schematic of a typical plasma spray torch setup.

To produce a coating many factors need to be taken into consideration and
controlled. Some of these factors are listed by Miller [2]. They include torch design and
plasma spray operation parameters. Torch design factors that affect coating are nozzle
diameter and powder injection configuration. By decreasing the nozzle diameter, higher
plasma velocities can be achieved resulting in generally higher particle velocities and
lower particle temperatures [18], [19]. Powder injection configuration comprised of two
controllable factors, namely, injection angle, and injection distance. The most common
injection angle is 90º to the plume axis. Injection angles can also be cambered into the
plume giving longer plasma dwell times resulting in higher particle temperatures and
velocities than that of the 90º configuration [20]. Powder injection distance can be
associated with the powder spread prior to entering the plasma plume. The higher the
injection distance the wider the powder spread resulting in a lower percentage of
powder entering the hottest central parts of the plasma plume. This increases the
temperature variability in the resulting particle plume [21].
7

Plasma operation parameters include primary and secondary gas flow rates, arc
current, powder injection rate, GTW distance, and substrate preparation. Primary and
secondary gas flows control the amount of electrically excitable gas available for plasma
generation. This affects the temperature and velocity of the particle plume. Increasing
the amount of plasma gas, both primary and secondary, will tend to increase both
temperature and velocity of the spray particles. On the other hand, increasing only one
plasma gas (e.g., primary or secondary) tends to decrease particle velocities.

Arc current affects the total amount of energy available to generate and sustain
the plasma plume. By increasing arc current, more energy is available to ionize the
primary and secondary plasma gases. This in turn results in higher energy transfer to
the particles, thus increasing the particles temperatures and velocities [20], [21].

By varying powder feed rates, controlled by powder mass flow and carrier gas
flow rates, optimum deposition rates can be achieved for a given plasma state. By
increasing powder mass flow, more powders are injected into the plasma plume,
thereby decreasing the available energy per particle for heating and acceleration. This
causes a decrease in particle temperature and velocity. By increasing carrier gas flow,
more momentum is imparted to the MCrAlY powders enabling more particles to enter
into the hottest central part of the plasma plume. This generally increases particle
temperatures [20], [21].
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GTW distance impacts the coating characteristics by controlling the amount of
dwell time in ambient for the molten particles. It also affects the footprint of the particle
plume. It has been observed [18] that a decrease in GTW distance tends to decrease
oxidation of the particles during flight, resulting in less internal oxidation in the final assprayed coating. Further, a smaller GTW yields higher particle temperature and
velocities at impact [18] that gives rise to better adhesion and deposition efficiencies.
Typical GTW distance ranges from 75mm to 150mm for APS. It is important to note that
an optimum GTW is needed based on the plasma plume length, since GTW too small
can over-heat and melt the substrate.

Substrate preparation is important to the coating adhesion strength. Typically, the
substrate surface needs to be roughened to allow proper mechanical bonding of the
molten spray particles. Roughening is typically done using a grit blasting methods
where substrate is bombarded by hard media, including glass beads and Al2O3
particles. Molten spray particles upon impact with the substrate flatten to form splats.
These splats mechanically interlock into the roughened substrate surface to form a
coating.

2.4

Accuraspray Diagnostic System

The Accuraspray diagnostic system developed by Tecnar Automation Ltée is
robust non-contact, industrial sensor designed to measure mean particle temperatures
and velocities as a function of position within the plume. Operating principle behind the
9

Accuraspray system is based on a two-color pyrometry technique where the energy
emitted by hot particles is collected at two different wavelengths. The particle velocities
are measured by a time of flight (TOF) measurement over a calibrated distance (S) set
between the two fiber optic cables in a slit-mask as schematically shown in Figure 3 [22].

λ1 λ 2
Figure 3 – A schematic of E(λi) collected at wavelengths λ1 and λ2 by accuraspray-g3
and the slit mask configuration use to measure velocity by TOF calculation[22].

Two-color pyrometry is based on Plank’s radiation law where, for any spherical
emitting body with a surface temperature of T, the total energy emitted, E can be
expressed by:

E (λi ) =

Kε(λi )d 2 λi
k2

e

λi T(k)

−5

−1

10

(1)

where K is a constant determined based on optical properties of the system, λi is the
wavelength of light collected, ε(λi) is the emissivity of the particle at wavelength λi, d is
the diameter of the emitting particle, and k2 is a constant. In practical cases with a gray
body model, λ1 and λ2 are assumed close enough so that ε(λ1)≈ε(λ2). Then, by taking
the ratio of emitted energy at λ1 and λ2, Eq. (1) can be simplified to:

2
E (λ1 )  λ1  T (k ) λ2 − λ1 
R=
=   e
E (λ2 )  λ2 

−5

K  1

1 

(2)

By taking the natural log of Eq. (2) and solving for T, one can express the
temperature as:





1
K 2 (λ1 − λ2 ) 

T (k ) =

λ1λ2
 λ 
 ln (R ) + 5 ln 1  
 λ2  


(3)

where R is the ratio of the energy emitted at λ1 and λ2. By using computer based
numeric integration codes, these E(λi) values can be solved in near real time by
calculating the area under the emitted curve. It has been reported that the precision of T
is 3% or better, [22],[23].
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2.5

Effects of Internal Oxidation on APS bond Coats

Many studies [24],[25],[26],[27],[28],[29],[30],[31] have demonstrated that the internal
oxidation of APS bond coats increases with exposure at elevated temperatures;
however often without spallation of the YSZ top coat despite the low adhesion strength
of the oxide [24]. In work conducted by Jayaraj[10] to study the lifetime of TBC systems
with APS CoNiCrAlYSi bond coat, the bond coats were found to contain an initial
internal oxidation content of 13 vol.%. Figure 4 shows that the extent of internal
oxidation in the bond coat increased significantly during thermal cycling of APS TBCs
with APS CoNiCrAlYSi bond coat. The increase in internal oxidation occurred by
thickening of oxide stringers along the splat boundaries. Jayaraj[10] also reports that
TBC failure occurred after 527, 113 and 39 cycles at 1121°C using dwell time of 0.67,
9.8 and 49.8 hours, respectively. The furnace thermal cycling lifetime of these TBCs
reported by Jayaraj[10] is summarized in Table 1. Table 2 reports the extent of internal
oxidation of APS CoNiCrAlYSi bond coat as a function of thermal cycling at 1121°C
using dwell time of 0.67 and 9.8 hours. Even though a substantial amount of internal
oxidation up to 50 vol. % was observed in the bond coat, TBC failure did not occur. It
should be noted that all TBC failure were observed at the topcoat/TGO interface, and
the principle constituent oxide was α-Al2O3 and a solid solution of α-(Al,Cr)2O3.

12

(a)

YSZ
Bond coat
Substrate

(b)

(c)

Figure 4. – Backscatter electron micrograph of (a) as-sprayed APS TBC with APS
CoNiCrAlYSi bond coat (a) APS TBC with APS CoNiCrAlYSi bond coat after 240
furnace thermal cycles to 1121°C using 40minute dwell time and (c) APS TBC with APS
CoNiCrAlYSi bond coat after 35 furnace thermal cycles to 1121°C using 9.8 hour dwell
time.
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Table 1 – Thermal cycling lifetime and high temperature dwell times of APS
CoNiCrAlYSi bond coats tested at 1121ºC.
Type of
Number of
Dwell Time
TBC Lifetime
Total Dwell
Thermal
Specimen
(Hours)
(Stdev)
Time (Hours)
Cycling
Tested
1-Hour
0.67
527 (20)
351
5
10-Hour
9.8
113 (1)
1092
3
50-Hour
49.8
39 (0.7)
1962
1

Table 2 – Extent of internal oxidation as a function of cycle and dwell time for APS
CoNiCrAlYSi bond coats.
Type of Thermal
Thermal Cycling
Time at High
Internal Oxidation
Exposure
(Cycles)
Temperature (Hours)
(vol. % with Stdev)
Furnace thermal
0
0
13.1 (1.3)
50
33.3
41.7 (1.0)
cycling at 1121°C
with 40 minute dwell
260
173.3
43.8 (1.4)
period
360
240
43.9 (1.0)
Furnace thermal
0
0
13.1 (1.3)
35
343
47.3 (3.1)
cycling at 1121°C
with 9.8 hour dwell
90
882
48.0 (0.6)
period
120
1176
50.6 (1.7)

14

3 EXPERIMENTAL DETAILS

The work performed for this thesis was conducted in three parts. The first part
entailed the optimization of the Praxair CO-159® CoNiCrAlY powder for APS coating by
examining the microstructure as a function of spray parameters. In part two, optimized
parameters found were employed to deposit a set of free-standing APS CoNiCrAlY
coatings for studying the rate of internal oxidation at high temperatures. The third part of
the work examined the thermal conductivity and coefficient of thermal expansion of freestanding APS CoNiCrAlY coatings as a function of internal oxidation.

3.1

Atmospheric Plasma Spray Cell Setup

The APS cell, manufactured by TAFA-Praxair, consists of fire resistant and
acoustically dampened enclosure, high power DC transformer to provide the high
currents need for APS plasma generation, mass flow controlled gas supply module,
Praxair 1264 Powder Feeder, and Multi-Process Control System (GTS) to regulate input
parameters (i.e. plasma current, gas flows and powder feed rates) to the plasma torch.

All plasma spraying was conducted at the University of Central Florida Thermal
Spray Facility shown in Figure 5, using the Sulzer Metco F4-MB plasma torch equipped
6mm nozzle. External 90º powder injection ring with a powder injection distance of 6mm
from torch axis was used for all deposition in this work. The F4-MB was selected due to
15

the stability of the plasma plume it generates during deposition and its long component
life. Argon and hydrogen where used as the primary and secondary plasma gasses for
this work, respectively. The F4-MB was attached to the end of an ABB 2400 6-axis
robotic arm to ensure repeatability and controllability in deposition path. Powders were
fed to the F4-MB from the 1264 Powder Feeder.

Figure 5 – University of Central Florida Thermal Spray Facility.

Also located in the cell is the stationary Accuraspray-g3 diagnostic sensor
mounted perpendicular to the plasma axis. A reference point was created accordingly.
From the reference point, the torch was placed 100mm away to set the GTW distance
as show in Figure 6.
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200mm

AccuraSpray
100mm

F4MB

Figure 6 - A schematic of torch-accuraspray alignment normal to the torch axis located
at the accuraspray focal distance of 200mm with a 100mm GTW.

3.2

Praxair CO-159 CoNiCrAlY Powder and Substrate Preparation

Praxair CO-159 CoNiCrAlY (Co-32Ni-21Cr-8Al-0.5Y wt. %) atomized powders
with a size distribution of 38-75µm were used for all deposition in this work. Scanning
electron microscopy (SEM) was carried out to examine the microstructure of the asreceived powders. A 1264 Powder Feeder was equipped with a heating blanket to
eliminate moisture in the powders and to maintain optimum powder flowability. The CO159 powder was left in the feeder under inert argon atmosphere until the powder
reached blanket temperature before deposition.

For Part I of the work, mild steel coupons were used as substrates. Substrates
were roughly 1” x 4” in size and 0.25” in thickness. Each substrate was grit blasted with
clean 60-grit Al2O3 just prior to coating, and clamped to vertical supports for deposition.
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Part II of the work used substrate prepared from 1” diameter graphite rod stock
that was lathe cut into 0.375” in thickness. The surface of graphite disks were wet
ground with 240 grit SiC paper to remove machining marks, and grit blasted with clean
60-grit Al2O3. Prepared disks were mounted in a fixture that held 20 disks in sockets
arranged horizontally along a mounting plate.

3.3

Experimental Flow

Due to the inherent difficulties in determining relationships between spraying
parameters and the resulting coating microstructures without a baseline for a torch and
powder cut, a systematic optimization study of spray parameters and corresponding
coating microstructures was conducted. The optimum coating determined by optical
microscopy and image analysis was then used to determine the oxidation behavior of
the CO-159 CoNiCrAlY using isothermal furnace testing at 1124°C for 1, 6, 50, 100, and
300 hours. The extent of internal oxidation was analyzed using SEM and image
analysis. The free standing CoNiCrAlY coatings with internal oxidation as a function of
time at 1124°C were then examined for thermal conductivity and coefficient of thermal
expansion with assistance from Netzsch Instruments Inc. Thermal conductivity and
coefficient of thermal expansion of the coatings where measured as a function of
oxidation time and internal oxide content.
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3.3.1 CO-159 with F4-MB Optimization Study

This part of the work was conducted to determine the optimum parameters for
APS of CO-159 CoNiCrAlY coatings with selected experimental constraints. Table 3
show a list of selected constants, which were chosen to limit the experimental test
matrix needed to define the process window for CO-159 using the F4-MB. Plasma gas
flow rates (i.e., primary and secondary) were then chosen as the only variables in this
study. Low initial parameters were selected: 85 SCFH primary argon and 9 SCFH
secondary hydrogen. An experimental matrix then generated based on these initial
parameters.
Table 3 - Constrained processing parameters used in optimization study.
Torch
Powder
Robot Speed
Step Size
Plasma Current
Primary Gas
Secondary
Gun-to-Work (GTW) Distance
Coating Cycles
Carrier Flow
Feeder Rotation

F4-MB
CO-159
450 mm/sec
2 mm
650 amp
Ar
H2
100 mm
2
8 SCFH
3 rpm

By increasing the flow rate of primary and secondary gases by 20 SCFH and 5
SCFH increments, respectively, the experimental matrix was created with 13 coating
runs (12 variable and one baseline condition). The parameters for these coating runs
are presented in Table 4. The APS system was initialized allowing the gas flow and
powder feed to stabilize. Temperature and velocity of powders during plasma spray
were collected for 120 seconds after initial data stabilization was achieved. As reported
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in Table I, APS was carried out with a constant GTW distance of 100 mm, gun velocity
of 450 mm/sec using a ladder coating profile with a ladder step size of 2 mm.

Table 4 – List of spray parameters produced by varying primary gas flows from 85 to
165 SCFH in 20 SCFH increments and secondary gas flow from 9 to 29 SCFH in 5
SCFH increments, examined for the optimization study.

1 (85P9S)
2 (105P9S)
3 (115P9S)
4 (145P9S)
5 (165P9S)

Primary Gas (Ar) Flow Rate
(SCFH)
85
105
115
145
165

Secondary Gas (H2) Flow
Rate (SCFH)
9
9
9
9
9

6 (85P14S)
7 (85P19S)
8 (85P24S)
9 (85P29S)

85
85
85
85

14
19
24
29

10 (105P14S)
11 (125P19S)
12 (145P24S)
13 (165P29S)

105
125
145
165

14
19
24
29

Coating run

Post deposition, all specimens were sectioned by Allied TechCut 4™ Low Speed
Saw equipped with diamond wafering blade. Cross sections were mounted in an epoxy.
Mounted cross-sectional specimens were ground using 120, 240, and 600 grit SiC
papers with constant 10N of downward force. All specimens were polished with 15, 3, 1,
and ¼ µm diamond paste with constant 10N of downward force.

Optical metallography was carried out to examine the coating thickness,
microstructure and the extent of internal oxidation. Details of optical microscopy are
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presented in section 3.4.1. Details of image analysis to examine the internal oxidation
using Media Cybernetics IQmaterals™ software are presented in section 3.4.2.

3.3.2 Coating Deposition and Isothermal Oxidation Testing

Upon completion of part I, one set of coating parameters, coating run 10 with 105
SCFH primary gas flow rate and 14 SCFH secondary gas flow rate, was selected for
deposition of APS CoNiCrAlY. This coating run was selected for the high deposition rate
and acceptable internal oxide content as compared to the baseline parameter. Graphite
was selected as the substrate material for producing free-standing APS CoNiCrAlY
since graphite is easy to machine and detach after the deposition. Two deposition runs
were conducted; each run consisted of clamping ten graphite substrates into a fixture
that was aligned normal to the F4-MB deposition. Deposition of APS CoNiCrAlY was
carried out with a constant GTW distance of 100 mm, gun velocity of 450 mm/sec using
a ladder coating profile with a ladder step size of 2 mm, 15 full cycles were used to
deposit the coatings with an approximate thickness of 350µm. As expected, during
cooling to a room temperature, the APS CoNiCrAlY spalled from the graphite, producing
free-standing bond coats.

Isothermal oxidation was carried out by using CM rapid temperature furnace.
Isothermal oxidation temperature was held constant at 1124ºC. A set of two diskshaped specimens were exposed to 1124ºC for 1, 6, 50, 100, and 300 hours. Each test
consisted of a ramp to 1124ºC in 10-minutes, followed by a dwell at 1124ºC for
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specified time, and followed by an air quench to room temperature in less than 10minutes. After isothermal oxidation, one disk specimen from each set was sectioned
and metallographically prepared down to 0.25 µm using diamond past. Scanning
electron microscopy (SEM) equipped with backscattered electron detector was used to
image the polished specimens. Post image processing to determine the area
percentage of internal oxidation (i.e., volume fraction) was carried out by IQmaterals™.

3.3.3 Thermal-Mechanical Properties Testing and Modeling

Thermal conductivity and coefficient of thermal expansion (CTE) were measured
for APS CoNiCrAlY coatings produced from part I of this work. As-sprayed, 50- and 300
hour samples were selected for the measurement with in-kind contribution and technical
assistance from NETZSCH Instruments. Thermal conductivity measurements were
performed using NETZSCH LFA 457 MicroFlash® unit from 800° to 1100°C, using
ASTM E1461 flash method. CTE measurements were performed using NETZSCH DIL
402C dilatometer over the temperature range from room temperature to 500°C. CTE
measurement at higher temperature could not be carried out due to geometric
deformation of free-standing bond coats. Disk-shaped specimens were sectioned to 10
x 10mm rectangular samples for the thermo-mechanical measurements.

Thermal expansion mismatch between ceramic and metallic layers in the coating
system was examined in this work. Due to the similarity of the internally oxidized bond
coats to a ceramic-matrix composite, with CoNiCrAlY as the matrix and Al2O3 oxide
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stringers aligned parallel to the coating surface, a rule of mixtures model was employed
to approximate the effects of internal oxidation content on the thermal conductivity and
CTE for CoNiCrAlY bond coat. In using the rule of mixture for CTE calculation, a
difference in modulus of elasticity in CoNiCrAlY and Al2O3 is assumed not to
significantly influence the thermal expansion mismatch of the system. Then, following
relationships can be applied to the internally oxidized CoNiCrAlY bond coats:

αUpper = Vm ⋅ α m + Voxide ⋅ α oxide

α Lower =

α oxide ⋅ α m
Vm ⋅ α oxide + Voxide ⋅ α m

(4)

(5)

where Vm and αm is the volume fraction and CTE of CoNiCrAlY matrix, and Voxide and
αoxide are the volume fraction and CTE of Al2O3 [32].

3.4

Microstructure Analysis

Various microstructural analysis techniques were employed during this work.
Optical and scanning election microscopy were used to examine the microstructure of
APS CoNiCrAlY coatings. Computer-based image analysis was employed to evaluate
the extent of the internal oxidation in APS CoNiCrAlY coatings.
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3.4.1 Optical and Scanning Electron Microscopy

Optical metallography and Hitachi S3500N SEM equipped with a Robinson
backscattered electron detector was employed to examine the microstructure of APS
CoNiCrAlY coatings. For SEM, all specimens were carbon coated using JOEL vacuum
evaporator for conduction. Micrographs were obtained from randomly selected locations
in polished cross-sections at various magnifications. For measurement of internal
oxidation, four images from a specimen were collected and analyzed.

3.4.2 IQmaterals™ Image Analysis

To determine internal oxide content by image analysis, Media Cybernetics
evaluation version of IQmaterals™ was employed. Location for image analysis was
selected from the central portion of the images to exclude external surfaces of freestanding bond coat. Each selected area consisted of image area greater than 75,000
µm2. The extent of internal oxidation was determined by threshold selection and pixelcount procedure in IQmaterials. For each sample, four images were analyzed.
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4 RESULTS
4.1

As-Received CoNiCrAlY Powders

Figure 1 shows secondary electron micrographs from as-received Praxair CO159 CoNiCrAlY powders. Powder size distribution was reported by Praxair between 3875 µm and Figure 7(a) shows that the as-received powders are within the reported
specification. Cross-sectioned CO-159 CoNiCrAlY powder presented in Figure 7(b),
shows a typical MCrAlY two phase microstructure consisting of Al-rich β-NiAl (dark) and
Al-depleted γ-Ni (light) solid solutions. No internal oxidation is observed within these
powders.

Figure 7 - a) As-received Praxair CO-159 CoNiCrAlY atomized powder with size
distribution of 35-75 µm, b) powder cross section showed typical two phase
microstructure consisting of Al-rich β-NiAl (dark) and Al-depleted γ-Ni (light) solid
solutions with no as-received internal oxidation.
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4.2

Process Optimization for APS CoNiCrAlY Coatings

By using the Accuraspray-g3 diagnostic sensor, mean particle temperature and
velocities were measured as a function of plasma parameters. Figure 8 shows the
resulting process window developed from the Accuraspray-g3 data collected during the
optimization investigation. Examination of coating runs 2 through 5 demonstrates that,
an increase only in flow rate of primary argon gas yields cooler and slower particles. It
should be noted, that the particle temperature of coating run 4 and 5 fell below the
detection limit of the Accuraspray-g3 system. Examination of coating runs 6 through 9
shows that a increase only in flow rate of secondary hydrogen gas produces higher
particle temperature but a decrease in particle velocity. Examination of coating runs 10
through 13 shows that a simultaneous increase in primary and secondary gas flows
yields a large increase in mean particle temperature and velocity. The increase from
baseline coating run 1 for the mean particle temperature and velocity was found to be
15% and 25%, respectively.
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Figure 8 – Process window for APS CoNiCrAlY showing the resulting process window
developed from the Accuraspray-g3 data collected during the optimization investigation.
Showing variations in mean temperature and velocity as a function of processing
parameters listed in Table 4.

Figure 9 and Table 5 shows optical microstructures, corresponding coating
thickness, and internal oxidation content for the parameters used in the optimization
study. Coating run 1 was selected as the generic starting baseline parameter. After the
2-pass deposition, APS CoNiCrAlY coating with 48µm in thickness and an internal oxide
content of 12.5% in area was obtained. Microstructure shows typical APS splat
structures with oxide stringers located at splat boundaries with limited areas of unmelted particles. During coating runs 2 through 5, only the flow rate of primary argon
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gas was increased while the flow rate of secondary hydrogen was kept constant. From
coating run 2 through 5, an increase in average deposition rate up to 38µm/pass was
observed compared to that of the baseline, coating run 1 that yields 24µm/pass.
Further, these coatings contain more un-melted particle than that of the baseline
coating. Coatings produced with parameters from coating runs 2 through 4 exhibited a
similar level of internal oxidation to the baseline coating. Coating produced using
coating run 5 parameters contained a large amount of internal oxidation at 23%,
particularly at the substrate/bond coat interface.

Coating runs 6 through 9 were deposited by only increasing the flow rate of
secondary hydrogen while primary argon was held constant. Microstructure for these
coatings exhibited typical APS splat structure similar to the baseline. Internal oxidation
content was on average slightly higher than that of the baseline at 13%. Deposition rate
was also higher than that of the baseline at 30µm/pass.

With coating runs 10 through 13, flow rate of both primary and secondary gases
were increased simultaneously. Microstructure of these coatings exhibits a significantly
higher deposition rate, about twice that of the baseline at 24µm/pass. Also the average
internal oxidation content in CoNiCrAlY coatings produced using these parameters was
lower than that of the baseline at 9%. Coating run 10 exhibited the highest deposition
rate of 75µm/pass, while retaining similar baseline internal oxidation content of 13.5%.
For these reasons, coating run 10 was selected to produce all APS CoNiCrAlY coatings
in this study.
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Coating run 1

Coating run 2

Coating run 3

Coating run 4

Coating run 5

Coating run 6

Coating run 7

Coating run 8

Coating run 9

Coating run 10

Coating run 11

Coating run 12

Coating run 13

Figure 9 – Optical micrographs showing the variation in microstructure as a function of
plasma parameters listed in Table 4. Coating runs 2 through 5 show increased amounts
of retained un-melted particles then the baseline parameter 1. coating runs 6 through 9
similar splat microstructure to the baseline. Coating runs 10 through 13 also shows
similar microstructures to baseline but with increased deposition thickness.
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Table 5 – Two-pass coating cycle deposition thicknesses with corresponding internal
oxidation content, showing specimen-parameter 10 as the thickest deposition and
average number for oxide content.
Coating Run
1
2
3
4
5
6
7
8
9
10
11
12
13

4.3

Coating Thickness (µm)
48
75
55
75
100
80
50
50
60
150
65
100
75

Internal Oxidation (%)
12.5
11.9
14.3
10.1
23.0
15.3
17.8
13.1
7.2
13.5
8.1
6.8
7.5

Coating Deposition and Isothermal Oxidation Testing

4.3.1 Typical As-Sprayed APS CoNiCrAlY Microstructure

Figure 10 shows the typical as-sprayed APS CoNiCrAlY microstructure with
oxide stingers and voids segregated at the splat boundaries. These oxide stingers were
observed to be primarily parallel to the bond coat surface. Partially-melted particles
were also observed through this cross-section. The number of coating passes was
increased to 15 in order to achieve 350µm-thick free-standing buttons using parameter
10. Internal oxidation content of the as-sprayed CoNiCrAlY bond coats was measured
to be 12.9 ± 0.2% in area by image analysis.
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200µm

200µm

Figure 10 –Secondary electron (left) and backscattered (right) SEM image of assprayed free-standing CO-159 CoNiCrAlY bond coat showing typical APS splat
microstructure with oxide stringers segregated at the splat boundaries. Internal oxide
content was found to be 12.91 ± 0.32%.

4.3.2 Isothermal Oxidation Testing

Ten free-standing APS CoNiCrAlY coatings were isothermally oxidized at 1124°C
as a function of time. Each sample developed a surface oxide layer during the initial
isothermal exposure as evidenced by Figure 11.This oxide layer remained intact until
100 hours isothermal exposure at 1124ºC. Minor spallation of the surface oxide was
observed during air-cooling for specimens after 100 and 300 hours.

Figure 11 – Macro-image of APS CoNiCrAlY free-standing coatings after isothermal
oxidation at 1124°C as a function of time. Showing formation of surface oxide after 1
hour isothermal exposure with minimal surface oxide spallation after 100 hours
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Cross-sectional microstructural evolution of the free-standing CoNiCrAlY as a
function of time at 1124°C is shown in Figure 12. Initial oxidation was observed primarily
at the splat boundaries. Further increases in oxidation were characterized by a general
thickening of the oxide stringers with the oxides still primarily parallel to the bond coat
surface. Internal oxide content was observed to increase from 12.9% to 28.1% after
300hours of isothermal exposure at 1124ºC as reported in Table 6. Figure 13a shows
plot of internal oxidation vs. oxidation time. The shape of the plot seems to indicate
parabolic oxide growth. Figure 13b shows plot of internal oxidation vs. Square-root of
time. This plot, within experimental error, shows a linear trend indicating that the oxide
growth observed in APS CoNiCrAlY system follows the parabolic growth.
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Figure 12 – Backscatter electron micrographs of APS CoNiCrAlY free-standing coatings
as a function of time of isothermal oxidation at 1124°C. Internal oxidation increased
from 12.9% (in area) to 28.1% (in area) after 300 hours of isothermal exposure primarily
by thickening of oxide stringers segregated at splat boundaries. Oxidation was observed
to remain parallel to the coating surface with increasing internal oxidation
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Table 6 - Internal oxidation content of APS CoNiCrAlY free-standing coatings after
isothermal oxidation at 1124°C as a function of time.
Image
1
2
3
4
Average
Stdev

As-Sprayed
12.8
13.1
12.5
13.1
12.9
0.2

Extent of Internal Oxidation (Area %)
1-Hour
6-Hour
50-Hour
100-Hour
12.9
13.8
20.6
20.2
13.3
14.5
21.9
20.3
13.4
14.3
25.6
29.5
12.3
14.7
23.4
20.6
13.0
14.3
22.9
22.6
0.4
0.3
2.1
4.5
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300-Hour
27.7
23.1
27.2
34.1
28.1
4.5

(a)

Internal Oxidation Content vs Oxidation Time
34.00
32.00
30.00

Internal Oxidation Content
(Area%)

28.00
26.00
24.00
22.00
20.00
18.00
16.00
14.00
12.00
10.00
0

(b)

50

100

150
200
Oxidation Time
(Hour)

250

300

350

Internal Oxidation Content vs Oxidation Time
34.00
32.00
30.00

Internal Oxidation Content
(Area%)

28.00
26.00
24.00
22.00
20.00
18.00
16.00
14.00
12.00
10.00
0

5

10
Parabolic Oxidation Time
(Hour1/2)

15

20

Figure 13 – (a) Internal oxidation as a function of oxidation time for APS CoNiCrAlY
free-standing coatings after isothermal oxidation at 1124°C.(b) Internal oxidation content
as a function of square-root of time indicating parabolic oxide growth.
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4.3.3 Thermal Conductivity and Coefficient of Thermal Expansion

As expected, in plane thermal conductivity of the free-standing CoNiCrAlY
coatings decreased with increasing internal oxidation shown in Table 7. Over the
temperature range from 800 to 1100ºC the average thermal conductivity decreased 28
W/m-K to 25 W/m-K. This is significantly lower than that of VPS/LPPS CoNiCrAlY
estimated at 70 W/m-K without internal oxidation.

Table 7 – Experimentally measured thermal conductivity for internally oxidized APS
CoNiCrAlY free-standing coatings for temperature range of 800º-1100ºC.
Temperature (C)
As Sprayed
After 50 Hours
After 300 Hours
800
27.3
24.5
24.4
900
28.0
24.4
25.2
1000
28.5
25.2
25.9
1100
29.4
26.0
26.6
Average
28.3
25.0
25.5
Stdev
0.87
0.74
0.94

Table 8 shows experimentally measured CTE over the temperature range of 100
to 500ºC. Table 8 shows, that there is no significant change in CTE after 50 hours of
isothermal oxidation at 1124ºC that corresponds to 23% internal oxidation. However, a
noticeable reduction in CTE is observed after 300 hours of isothermal oxidation at
1124ºC that corresponds to 28% internal oxidation.
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Table 8 – Coefficient of thermal expansion for free-standing CO-159 CoNiCrAlY
coatings at temperature range from 100º to 500ºC.
Time of
Internal
Coefficient of Thermal Expansion (10-6/K)
Oxidation Oxidation
100°C
200°C
300°C
400°C
500°C
(Area%)
at 1124°C
0
12.91
12.65
13.65
14.18
14.49
13.28
50
22.95
12.70
13.46
13.97
14.43
14.37
300
28.10
9.14
11.39
12.28
12.95
13.06

The CTE values reported in Table 8 were examined by a rule of mixtures given in
Eqs. (2.4) and (2.5) assuming that the internally oxidized CoNiCrAlY bond coat
resembles a composite. Figure 14 shows the experimental data along with calculated
estimates assuming that the CTE of MCrAlY and α-Al2O3 are 15x10-6/ºC and 7x10-6/ºC,
respectively. The experimentally measured CTE data falls between the upper and lower
bounds of rule of mixture.
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α – MCrAlY Bond Coat

Coefficient of Thermal Expansion
(10-6/ºC)

15

As-Sprayed

14

50Hr
13
12

300Hr

Lower Bound

Upper Bound
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α – YSZ

10
9
8

α – Oxide (Al2O3)

7
6
0

10
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90

100

Bond Coat Internal Oxidation Content
(Vol%)

Figure 14 – Coefficient of thermal expansion experimentally measured and calculated
from the rule of mixture for free-standing CO-159 CoNiCrAlY coatings. This shows that
CTE of MCrAlY can be reduced to that near CTE of YSZ with 45% to 65% internal
oxidation.
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5
5.1

DISCUSSION

Process Optimization for APS CoNiCrAlY Coatings

Variations in particle temperatures and velocities results, in this case, from
corresponding increase or decrease in the plasma’s temperature and/or velocity, since
primary and secondary gas flow rates were the only variables examined in this study.
Figure 8 shows that coating runs 2 through 4 produced coatings with cooler and slower
particles than that of the baseline. Figure 9 shows that coatings deposited with these
parameters had larger deposition rates to that of the baseline coating run 1. By reducing
the plasma velocity and temperature, less energy is available for particle melting and
accelerating. This results in the observed increase in un-melted particles contained in
these coatings. Since un-melted particles are thicker than molten splats, the deposition
rate also appears to increase. Coatings deposited using parameters from coating runs 2
through 4 also contained similar levels of as-sprayed internal oxidation to that of the
baseline. Typically, a decrease in particle velocity would result in increased the
oxidation of particles during spraying due to an increase in dwell time in ambient prior to
deposition. But since the surface temperature of the particles is lower, less surface
oxidation occurs in transit. This combination of these factors results in similar internal
oxidation to that of the baseline.

Coating runs 6 through 9 showed higher particle temperatures and slightly lower
particle velocities than those of baseline. Table 5 shows that coatings made by these
parameters exhibit a higher internal oxidization than coatings made by baseline coating
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run 1. This is due to an increase in particle temperatures and decrease in particle
velocities, which in turn increased the surface oxidation due to longer dwell in ambient
at higher particle temperatures. Deposition rate also increased. An increase in plasma
temperature results in an increase in fraction of semi-molten and molten particles in the
spray plume. This, in turn, increases the deposition efficiency of the spray process by
increasing the percentage of particles able to generate splats.

Coating runs 10 through 13 showed a substantial increase in both particle
temperature and velocity of 15% and 25%, respectively. In addition, a decrease in assprayed internal oxidization was observed for coatings made by these parameters by
36%. This reduction in internal oxidation results from the increase in particle velocities.
Further, by decreasing the dwell time in ambient, less time is available for in-flight
particle oxidation. This effect decreases as-sprayed internal oxidation of the coatings
despite the increase in particle temperatures, discussed previously. For these coatings,
one also observes the most efficient deposition rate at 48µm/pass, twice that of baseline
spray coating run 1. This results from a combination of increased plasma temperature
and velocity. By increasing the plasma velocities, more kinetic energy is imparted to the
particles; this effect in combination with the increased percentage of molten particles
resulting from a higher plasma temperatures, increased the deposition efficiency.
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5.2

Free-standing CoNiCrAlY Coatings Isothermal Oxidation

Spray parameters found in coating run10 from part I was used to deposit freestanding APS CoNiCrAlY coatings for this study. To study oxidation behavior of these
coatings with time, they were isothermally oxidized at 1124ºC for various times. Despite
some spallation of oxide scale on the surface after 100 hours isothermal exposure
shown in Figure 11, internal microstructure remained intact. Extent of internal oxidation
was observed as shown in Figure 12 and reported in Table 6. The amount of oxide
within the APS CoNiCrAlY increased from 12.9% to 28.1% after 300 hours at 1124ºC.
Figure 13 shows that APS CoNiCrAlY internal oxidation growth is nearly parabolic.

5.3

Thermal Conductivity and Coefficient of Thermal Expansion CoNiCrAlY
Coatings

Thermal conductivity reported in Table 7 was measured normal to the thickness
of the APS CoNiCrAlY coatings. Thermal conductivity of the internally oxidized freestanding APS CoNiCrAlY coatings decreased with increasing internal oxidation from 28
to 25 W/m-K. This decrease is due to the increase in the amount of internal oxides with
lower thermal conductivity. The internal oxides primarily consisted of Al2O3 located at
splat boundaries, restricting the flow of heat through the coating thickness. Since these
measured values of thermal conductivity for APS CoNiCrAlY are significantly lower than
that of the VPS/LPPS CoNiCrAlY coatings estimated at 70 W/m-K, these APS coatings
should provide enhanced thermal protection. This effect could potentially enhance the
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effectiveness of the TBC system by increasing the amount of thermal insulation to the
substrate superalloy.

Reported in Table 8 are the values of CTE for APS CoNiCrAlY. No significant
change occurred until after 50 hours of isothermal exposure that corresponds to 23%
internal oxidation. This is due the nature of the coating, effectively a metal-matrix
composite comprised of a CoNiCrAlY matrix with parallel layers of Al2O3. With
increasing amounts of internal oxidation, a net decrease in the coating’s CTE is
observed as reported in Table 8

Failure of TBCs is commonly associated with high levels of thermal stress
caused by CTE mismatch between the YSZ topcoat and the metallic bond coat.
Microstructurally controlled internal oxidation in the bond coat has shown to reduce the
CTE of the bond coat. Figure 14 shows that the CTE of an internally oxidizing APS
CoNiCrAlY bond coat can be approximated by a simple rule of mixtures.
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6 CONCLUSION

This investigation was conducted to; first, understand how APS processing
parameters affect coating microstructures and how these parameters can be used to
optimize CoNiCrAlY bond coat. Secondly, this study was conducted to determine the
rate of internal oxidation for free-standing APS CoNiCrAlY bond coats. Thirdly, this
study was conducted to understand the effects of internal oxidation on the thermal
conductivity and the coefficient of thermal expansion for free-standing APS CoNiCrAlY
bond coat. Findings from this investigation are listed below:

•

By varying the spray parameters of primary (Ar) and secondary (H2) gas rates, APS
CoNiCrAlY coatings with various internal oxidization contents and deposition rates
were produced. Observations include:
o By increasing only primary gas flow rate, both particle temperature and velocity
decreased. This results in an increase in un-melted particles in the coating.
o By increasing only secondary gas flow rate, a higher particle temperature is
achieved with only a slight decrease in particle velocity. This results in an
increase in internal oxidation.
o By increasing both primary and secondary gas flow rate, a substantially higher
particle temperature and velocity is achieved and produces a lower internal
oxidation at higher deposition rates.

•

Internal oxidation of APS CoNiCrAlY coatings in as-sprayed condition was
observed to be primarily parallel to the coating surface.
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•

Total oxidation rate was found to increase after 50 hour of isothermal exposure for
free-standing APS CoNiCrAlY.

•

Thermal conductivity of free-standing APS CoNiCrAlY coatings decreased with
increasing internal oxidation. The evolving microstructure of APS CoNiCrAlY due to
internal oxidation would be beneficial for thermal insulation of the substrate.

•

Coefficient of thermal expansion for free-standing CoNiCrAlY coatings decreased
after an internal oxidation. The evolving microstructure of APS CoNiCrAly due to
internal oxidation would be beneficial to reduce stress induced by thermal
expansion mismatch in TBCs.
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