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Abstract

The development of new thermal barrier coatings (TBCs) capable of increasing the
efficiency of gas powered turbines requires an understanding of the time-dependent
and time-independent properties of MCrAlY bond coats. High velocity oxy-fuel
(HVOF) thermal spraying was used to manufacture free-standing coatings from
one commercially available CoNiCrAlY bond coat alloy powder and three
experimental NiCoCrAlY powders with potential application as new bond coat
alloys. All coatings were subsequently heat treated at 1100 °C for 2 h to simulate a
high temperature heat treatment stage used in manufacturing coated components.
X-ray diffraction (XRD), scanning electron microscopy (SEM), energy dispersive
X-ray analysis (EDX) and electron back-scatter diffraction (EBSD) were used to
characterise the microstructure of powders and coatings and characterise crack

growth and fracture behaviour following mechanical testing.

Microstructural characterisation revealed that the CoNiCrAlY coating exhibited a
two-phase microstructure consisting of a FCC ~-Ni matrix with BCC B2 -NiAl as
a secondary phase. After the same heat treatment, all three NiCoCrAlY coatings
exhibited a [-NiAl matrix with 7-Ni as a secondary phase. The TCP phase
0-CryCo was also observed in the NiCoCrAlY coatings as well as the ordered L1,
7’-Niz(Al, Ta) phase in two of the NiCoCrAlY coatings. All the coatings exhibited
a fine scale microstructure with grain sizes typically in the range 1 - 5 pm. All
coatings formed the desired protective Al;O3 scale after an accelerated oxidation
test of 96 hours at 1100 °C in air, but the scale thickness in NiCoCrAlY coatings
ranged from ~ 5 to 7.5 pm compared to ~ 2.5 um in the CoNiCrAlY.

CALPHAD methods were employed, using ThermoCalc and the TTNi7 database,
to model the phase equilibria of each of the MCrAlY alloys as a function of
temperature. A comparison was made with the experimental observations for
the novel alloys for the first time. Agreement was found to be surprisingly good
using this database which was originally designed for compositions used in the

manufacture of single crystal turbine blades.

Small punch tensile (SPT) tests were conducted on the CoNiCrAlY coating
and two of the NiCoCrAlY coatings between room temperature (RT) and
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750 °C in order to evaluate the influence of coating microstructure on their
time-independent mechanical properties; specifically strength, ductility and brittle
to ductile transition. The SPT tests demonstrated the ductile to brittle transition
temperatures (DBTTSs) of the CoNiCrAlY coating and two NiCoCrAlY coatings
were 500-700 °C, 600-700 °C and 650-750 °C respectively. One NiCoCrAlY coating
exhibited superior yield strength above 650 °C compared to the CoNiCrAlY
coating, but both NiCoCrAlY coatings exhibited lower ductility and lower fracture
strengths below 600 °C. Increasing the phase fraction of 5-NiAl was shown to
increase the DBTT and also increase the yield strength above 650 °C, but also
caused lower ductility and lower fracture strength below 600 °C. The TCP phase
0-CryCo was shown to decrease the ductility of the NiCoCrAlY coatings at < 750
°C because it increased the density of phase boundaries in the coatings. The phase
boundaries were found to be the crack nucleation sites for the CoNiCrAlY coating

and two NiCoCrAlY coatings during SPT testing.

Small punch creep (SPC) tests were also conducted at 750 and 850 °C to determine
the creep properties of the CoNiCrAlY coating and two of the NiCoCrAlY
coatings. These tests revealed the NiCoCrAlY coatings exhibited higher creep
resistance at 750 and 850 °C compared to the CoNiCrAlY coating. At 750 °C, the
stress exponents of the CoNiCrAlY and two NiCoCrAlY coatings were calculated
as 7.5, 7.8 and 9.1 respectively. Higher phase fractions of 5-NiAl and the addition
of ~’-Niz(Al,Ta) were shown to improve the SPC lifetime of the coatings. The
presence of 0-CryCo decreased the SPC strain to fracture of the NiCoCrAlY

coatings.

At 850 °C large displacements were observed for the CoNiCrAlY coating and one
NiCoCrAlY coating over a rage of the experimentally applied stresses, leading to
significantly increased strain to fracture and lifetime of the samples. A possible

explanation for this phenomena is the onset of superplasticity.

The results provide important insights into the structure-property relationships of
thin, HVOF sprayed bond coat alloys and the quantitative mechanical property

data will be useful in the design of new TBC systems for superalloy turbine blades.
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Chapter 1

Introduction

The efficiency of gas turbines is largely dependent upon the maximum operating
temperature of the turbine section. In modern day turbine sections, the
operating temperature of the gas in the first stage turbine can exceed the melting
temperature of the component alloys. This is largely made possible by the use of
thermal barrier coatings (TBCs). TBCs are multilayer coatings that provide the
component alloys with thermal protection through a ceramic top coat (eg yttria
stabilised zirconia), and an oxidation and corrosion resistant bond coat, typically
an MCrAlY alloy where M = Ni, Co or NiCo or an aluminide layer. During service
an aluminium oxide typically forms at the interface between the top coat and the
bond coat and is known as a thermally grown oxide layer or TGO. If the bond
coat is an aluminide it is manufactured by a chemical pack diffusion process. More
recently bond coats of the MCrAlY type (known as an overlay type) have become
preferred and are commonly deposited as thin layers approximately 200 pm thick
by thermal spraying. This can involve low pressure plasma spraying (LPPS) or
high velocity oxy-fuel (HVOF) thermal spraying; the latter of growing interest due

to its cost effectiveness.

HVOF coatings typically exhibit a combination of FCC -Ni phase, BCC -NiAl
phase, ordered FCC (L15) «’-Ni3(Al,Ti) phase and TCPo-CryCo phase. The alloy
composition and precise manufacturing process strongly influences the coating

microstructure, which in turn governs the oxidation and corrosion resistance, as

1
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well as the time-dependent and time-independent mechanical properties of the
MCrAlY bond coat. Furthermore, the bond coat performance characteristics
directly influence the failure of TBCs by mechanisms such as spallation, which
is a critical feature in determining the lifetime of a component such as a
turbine blade. Therefore, in order to improve the efficiency of gas turbines
through the development of improved TBCs, it is necessary to understand the
factors that affect the relevant mechanical properties of the MCrAlY bond coat.
In this context it is important to distinguish between the properties of bond
coat in the as-manufactured condition from that of a bulk alloy of the same
composition. Unfortunately, the available data on the mechanical properties of
thin MCrAlY bond coats is limited; in particular, how the properties are influenced
by the coating microstructure. In order to evaluate the time-dependent and
time-independent properties of thin MCrAlY bond coats it is necessary to use
relevant test techniques capable of testing thin specimens. One such technique is
the small punch test method, which is employed in this work to determine both
the time dependent and time independent mechanical properties of thin, MCrAlY
free standing coatings sprayed by the HVOF process. The research is novel in that
three experimental alloys are studied and the small punch method is applied to

both creep and tensile testing of the same alloys.

1.1 Aims and Objectives

The overall aim of this study was to investigate how the mechanical properties of
thin (~ 400 pm) MCrAlY bond coats produced by HVOF thermal spraying are

influenced by the coating microstructure. The specific objectives were:

i) Characterise the microstructures of HVOF-sprayed free-standing coatings;
one commercially available CoNiCrAlY alloy and three novel experimental
NiCoCrAlY alloys. Furthermore, to investigate microstructural evolution
from feedstock powder to thermally sprayed coating and finally fully heat

treated coating.
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ii)

iii)

iv)

Evaluate the suitability of the TTNI7 thermodynamic database for
predicting phase equilibria in the novel NiCoCrAlY alloys using CALPHAD
methods.

Investigate the formation of oxide scales on the three experimental alloy
coatings under accelerated oxidation conditions relevant to in-service
behaviour in air at 1100 °C and compare their behaviour with the

CoNiCrAlY commercial alloy coating.

Determine the time-independent mechanical properties i.e. yield strength,
elongation to failure and ductile to brittle transition temperature (DBTT) of
the thin CoNiCrAlY coating and NiCoCrAlY coatings using the small punch
tensile (SPT) test between room temperature and 750 °C, and characterise

the fracture behaviour and failure mechanisms by microstructural analysis.

Determine the time-dependent i.e creep, properties of the CoNiCrAlY
coating and NiCoCrAlY coatings at 750 and 850 °C using the small punch
creep (SPC) test, and quantify the creep deformation behaviour of the thin
coatings using the Norton power law, Monkman-Grant relationship and creep
rupture power law, as well as characterise the fracture behaviour and failure

mechanisms by microstructural analysis.

1.2 Thesis Structure

This thesis is divided into 8 chapters as described below:

1. The general introduction given above.

2. A literature review concerning the microstructure, processing and mechanical

properties of current MCrAlY coatings. The SPC test and SPT test are also

described, as well as areas where there is a lack of knowledge in the current

literature and where future work is required to improve the understanding of

the microstructure and properties of MCrAlY alloys used as bond coats in TBC

systems.
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3. A description of the experimental methods and techniques used in this work.
The experimental procedures for the SPC and SPT tests are described, as well
as the heat treatment procedure and material characterisation techniques, such
as XRD, SEM, EDX and EBSD. A description of the CALPHAD methods used
to calculate the phase equilibria in the MCrAlY alloys is also given. The work
undertaken to design and develop the equipment and procedures for extending the

SPC test to operate at 850 °C is given in Apendix A.

4. A study of the principal microstructural features of the MCrAlY alloy powders
and HVOF coatings in the as-sprayed and heat-treated conditions. The oxidation
behaviour of the NiCoCrAlY alloys is also described as well as the results of the

CALPHAD calculations used to predict the phase equilibria of each alloy.

5. An investigation of the time-independent properties of the MCrAlY coatings
as determined from SPT tests between room temperature (RT) and 750 °C.
The macroscopic fracture patterns at each test temperature are presented and
the microscopic fracture behaviour of each coating is evaluated using SEM and
EBSD analysis. The time-independent properties are evaluated with respect to

the coating microstructures.

6. A study of the creep properties of the MCrAlY coatings at 750 and 850 °C as
determined from SPC tests with reference to the microstructure of the coatings.
The accumulation of creep damage in the coatings is also studied using SEM and

EDX analysis and creep results are quantified using the standard creep equations.

7. and 8. A summary of the main conclusions determined throughout the thesis

and an outline of any possible future work respectively.



Chapter 2

Literature Review

2.1 Gas Powered Turbines

Gas based turbines are widely used for power generation, the two largest sectors
of which are aeronautical and surface (land and sea) applications. The term ‘gas
powered turbine’ refers to a mechanical system wherein power is generated from the
combustion of a fuel and expansion of hot gases, typically through a compressor,
combustor, and turbine [1]. The maximum power output of the gas turbine is
directly influenced by the maximum operating temperature of the turbine section.
The desire to increase the efficiency of gas turbines has led to the development
of component alloys over the past 60 years, as shown in Fig.2.1 [2]. In modern
day gas turbines, the operating temperature of the turbine section exceeds the
melting temperature of the component alloys [3]. This is achieved through cooling
channels, such as that shown in Fig.2.2, and high performance coating systems,

such as thermal barrier coatings (TBCs).

2.2 Thermal Barrier Coatings

Thermal barrier coatings are multi-layer deposits applied to the surface of

engineering components in order to protect them in high temperature operating

5
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Turbine technology developments

INDUSTRIAL
POWER GROUP

1600 Turbine temperature capability
1550 1 Cooling improvements “
1500 4  Coating developments [\
o ~
& en L11s0 £
(] [
5 14007 Firing temp L1100 5
o o
= 1350 I
é ) 1050 é
00 -
k] ” SC cast-1000 @
o 1250 - - 1 alloys =
£ DS cast 950 g
i 1o Conventionally 2lloys 900
1150 - cast alloys
-850
1100 Wrought alloys
T T T T T 800
1940 1950 1960 1970 1980 1990 2000

Approximate year of availability

FIGURE 2.1: Development of turbine blade manufacturing process showing

the increase in operating temperature of aero-engine gas turbines with

improvements in materials and manufacturing technology over the past 60 years.
Figure reproduced from [2].
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FIGURE 2.2: Cross section of modern day turbine blade with integrated gas
cooling channels. Figure reproduced from [2].

environments. A TBC is best regarded as a multilayer composite system
comprising: a ceramic top coat, typically a Y503 stabilised ZrO,; an MCrAlY
alloy bond coat, where M = Ni or Co; the substrate alloy, typically a Ni-based
superalloy; and a thin oxide layer, known as the thermally grown oxide (TGO),

which forms between the ceramic top coat and the bond coat during service [1-6].

The ceramic top coat provides thermal protection from the high temperature

environment and is typically deposited by plasma spraying or electron beam
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physical vapour deposition (EB-PVD) [4, 7]. The coating process employed
influences the high temperature properties of the ceramic top coat, but a common
feature amongst both deposition methods is that the top coat provides thermal
protection but also allows for the easy diffusion of O and corrosive elements such
as Na and S. The bond coat provides the substrate with oxidation and corrosion
resistance through the formation of the TGO, typically an Al;O3 alumina scale,

and also adheres the ceramic top coat to the substrate [2, 4-6, 8, 9].

Failure of the TBC system is typically characterised by spallation of the ceramic
top coat, which leads to degradation of the substrate and component failure.
Spallation occurs due to the development of stresses at the bond coat / TGO / top
coat interfaces, caused by chemical and thermo-mechanical processes. Chemical
processes include the formation of brittle spinel oxides at the bond coat / TGO
and (or) TGO / top coat interfaces which fracture and cause delamination of the
top coat [8, 10]. Chemical degradation can also occur via hot-corrosion where
impurities such as Na, S and V destabilise the Y,0O3 stabilised ZrO, ceramic top
coat and cause a phase transformation from monoclinic phase to tetragonal phase
at high temperature. The associated volume expansion can lead to cracking in the

top coat and at the TGO / top coat interface [11].

Evans et al. [8] outlined three overarching principles to describe the
thermo-mechanical failure of TBC’s during thermal cycling. A brief description of

each is as follows:

i) The thermal expansion mismatch between the bond coat, TGO and ceramic top
coat can cause plastic deformation of the bond coat and buckling of the TGO,

which contributes to delamination of the TGO and failure of the TBC.

ii) Delamination of the TGO due to the sequence of crack nucleation, propagation
and coalescence within the vicinity of imperfections in, or around, the TGO. This
type of failure is associated with a process called ratcheting caused by cyclic

plasticity of the bond coat [12].
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iii) Large scale buckling of the TGO due to separations at the bond coat / TGO
interface. Separations form through the nucleation, propagation and coalescence

of cracks and are influenced by creep and grain boundary sliding of the bond coat

[4].

It is clear that the TGO and bond coat are instrumental in maintaining the
integrity of TBCs. In particular, the ductility, plastic deformation and creep
behaviour of the bond coat directly influences the failure mechanisms of TBCs
[4, 8, 12]. As such, in order to develop new generations of TBCs capable of
increasing the efficiency of gas turbines, it is essential to understand the relevant
time-independent properties such as the elastic modulus, yield strength, ductile to
brittle transition temperature (DBTT) and ductility, as well as the time dependent
property known as creep. Understanding these properties is a main objective of

this work.

| THREE OVERARCHING PRINCIPLES I
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Reduce TBC
e 4
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i 2b :

FIGURE 2.3: Schematic of the overarching mechanisms controlling thermal
barrier coating failure. Figure reproduced from [8].
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FIGURE 2.4: Typical uni-axial creep curve showing the primary, secondary and
tertiary creep regions. Figure reproduced from [13].

2.3 Creep

Creep is defined as the time-dependent and permanent deformation of materials
when subjected to a constant load or stress [13]. Creep is observed in all materials
but for metals only becomes a concern above 0.4 T,,, where T,, is the absolute
melting temperature of the material. This is because creep is a diffusion based

mechanism and therefore heavily dependent upon temperature [14].

The creep behaviour of materials is conventionally investigated using uni-axial
creep tests, where a specimen is subjected to a constant load and the strain of the
specimen is measured with respect to time. Uni-axial creep curves typically exhibit
three regions, as shown in Fig.2.4 [13]. The primary region exhibits a large initial
strain rate associated with elastic loading, which reduces throughout the primary
region until a constant strain rate is reached. The region of constant strain rate is
defined as the secondary region, which is associated with steady-state creep. Once

the tertiary region is reached, the strain rate accelerates, leading to failure.

The steady-state creep strain rate (£,5) observed in the secondary region is often
used to quantify the creep properties of materials and can be described by the

following equation:
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Eos = Canea:p(;gf) (2.1)

where C'is a constant, n is a constant known as the stress exponent, o is the applied
stress (Pa), Q. is the activation energy for creep (J mol™), R is the universal gas

constant (8.31 J mol™') and T is the absolute temperature (K) [14].

When failure occurs, the time to failure (t) is often found to be dependent
upon the steady-state creep strain rate, as described by the Monkman-Grant

relationship:

=K g ™ (2.2)

where K, and m are material constants.

The time to failure can also be described with reference to the uni-axial stress

using the creep rupture power law:

1
— = M oXexp(

i %) (2.3)

where M is a material constant and y is the rupture power law stress exponent.

Equations 2.1 and 2.3 show the steady-state creep strain rate is highly sensitive
to temperature. Diffusional creep theories state that at high temperatures, where
T > 0.8T},, atoms are able to diffuse though the lattice towards an area of high
stress by jumping to the site of an adjacent vacancy. This process is known as
bulk diffusion and generally referred to as Noble-Herring creep[14]. The flux of
atoms under an applied stress in one direction is equalled by a flux of vacancies

in the opposite direction, resulting in time-dependent creep deformation.

The diffusion of vacancies may also occur along the grain boundaries. This process
is known as Coble creep and becomes the dominant creep mechanism as the

temperature is decreased towards 0.4 T,,.
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Diffusional creep theories do not always account for the steady-state creep rate
observed in uni-axial creep tests. Alternative theories suggest that creep also
occurs through the movement of dislocations, in a process known as dislocation
creep. Dislocations are often unevenly distributed within a material, which under
loading, causes an uneven distribution of internal stress. The difference between
the applied stress and the internal stress drives dislocation movement through the

lattice [15].

Dislocations move through the lattice in a process known as dislocation glide [14].
When dislocations meet an obstacle they become trapped and dislocation pile up
occurs. Dislocations are able to circumvent obstacles by moving out of the current

slip plane in a process known as dislocation climb [16].

Diffusion and dislocation creep mechanisms occur simultaneously. The overall
creep rate is the sum of the individual processes but a dominant mechanism is
usually identified when the contribution of the other processes is negligible. The
dominant creep mechanism is dependent upon the applied stress and temperature,
as illustrated in the creep deformation map shown as Fig.2.5 [14]. The y axis is
normalised shear stress, where oy, is the yield stress (Pa) and G is the shear modulus
(Pa), the x axis is normalised temperature, where 7' is the absolute temperature

and Ty, is the melting temperature.

The different stress / temperature regimes indicate which creep mechanisms may
be expected to be dominant. The boundaries represent conditions where two
or more mechanisms make a significant contribution to the creep rate. The
different regimes are commonly associated with values for the stress exponent (n).
Dislocation creep is typically associated with values of n greater than 4, whereas

low values of n are associated with diffusional creep [15].
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FIGURE 2.5: Typical creep deformation diagram for a metallic alloy. Figure
reproduced from [14].

2.4 Metallurgy, Microstructure and Processing

of Overlay Bond Coats

2.4.1 Metallurgy and Composition of Bond Coat Alloys

Bond coats typically fall into two categories; one is based on the NiCoCrAlY
system and is termed an overlay system because it is normally deposited onto the
substrate by a thermal spraying process; the second category is diffusion aluminide
coatings manufactured by chemical processes such as chemical vapour deposition
or pack aluminising. Overlay coatings are the topic of this thesis and are reviewed

below. Details of diffusion coatings can be found elsewhere [4].

Bond coats based on the NiCoCrAlY system are commonly referred to as a
MCrAlY, where M stands for Co, Ni or CoNi. Overlay coatings of this type
allow the composition of the coating to be adjusted without needing to alter the
composition of the substrate, offering greater flexibility over traditional diffusion
coatings which require a coating composition similar to the substrate composition

[2, 4, 5, 17].

The composition of an MCrAlY alloy can be tailored to achieve varying levels
of oxidation and corrosion resistance. Fig.2.6 shows the relative oxidation and

and corrosion resistance of different MCrAlY alloys [17]. High oxidation resistant
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coatings typically have high levels of Al where as corrosion resistant coatings

typically have high levels of Cr.

Al increases the oxidation resistance of MCrAlY alloys as it forms a stable Al;O3
alumina scale, referred to as the TGO. The oxidation resistance increases with Al
content, but too much Al can also lower the ductility and melting temperature of
the alloy [10, 18]. As such, the level of Al is typically controlled between an upper

and lower limit, approximately 8-12 wt.%.

Cr improves corrosion resistance and also promotes the formation of a continuous
alumina scale by increasing the activity and diffusivity of Al [17, 18]. This reduces
the level of Al needed to form an Al,O3 scale, which is beneficial to the ductility
and melting temperature of the alloy. Cr also lowers the activity of O at the oxide
scale / alloy interface, which reduces the diffusion of O into the alloy and improves
oxidation resistance. However, high levels of Cr promote the formation of CryO;

which may decompose into undesirable CrO3z above 900 °C [4].

The major alloying constituents of MCrAlY alloys are Ni and Co. Ni is beneficial
to the ductility and strength of MCrAlY alloys as it promotes the formation of the
ductile v-Ni phase and the high temperature strengthening phase +'-Nig(AlTi)
[4, 5]. Co provides microstructural stability by preventing detrimental phase and
volume changes, but can also lower the oxidation resistance of the coating [4].
High Ni alloys typically provide high oxidation resistance whereas high Co alloys

provide high corrosion resistance.

Minor alloying elements such as Y and Hf have been shown to improve the
adherence of oxide scales [19-23]. Ta has also been shown to increase the creep
resistance and tensile yield strength of MCrAlY coatings but often at the cost of
reduced ductility [24, 25].

MCrAlY coatings typically exhibit FCC ~-Ni and BCC (-NiAl phases, but
ordered FCC ~'-Nig(ALTi) and TCP o-CrCo phases have also been reported
[6, 26-28]. ~'-Niz(Al,Ti) phase occurs in alloys with high Ni content whereas

0-CrCo formation is caused by an excess of Cr.
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Recent studies have used MCrAlY powders with compositions close to
Co-32Ni-21Cr-8A1-0.5Y (wt.%) [9, 29-35] which produces coatings with an FCC
~-Ni matrix and approximately 30 vol.% BCC $-NiAl phase. Other studies have
used MCrAlY powders with higher levels of Al (> 10 wt.%) [36-43] which produce
coatings with higher phase fractions of the 5-NiAl phase.

The (-NiAl phase acts as an Al reservoir for the formation of the Al,O3 alumina
scale, commonly known as the TGO. At high temperatures, the g-phase depletes
due to a flux of Al towards the alumina scale and the size of the S-depletion zone,
as well as the TGO thickness, increases over time. Large [-depletion zones have
been shown to adversely affect the mechanical and chemical properties of MCrAlY
coatings and accelerate the failure of a TBC system [8, 44, 45]. Higher levels of Al
increase the phase fraction of S-phase and reduce the size of the S-depletion zone
8, 44-48], but also increase the growth of the TGO [49] and decrease the ductility

of the alloy, which can also accelerate failure of the TBC.

It is clear that the phase fraction of $-NiAl influences the mechanical and chemical
properties of MCrAlY alloys. The influence of 5-NiAl needs to be understood if
new TBC systems are to be developed. The phase fraction of 5-NiAl phase in a
MCrAlY bond coat is controlled by the level of Al and Ni in the alloy, but is also
influenced by the method used to manufacture the bond coat, which is discussed

in the next section.

2.4.2 Processing of Overlay Bond Coats

The first deposition method used to deposit MCrAlY coating was EB-PVD [7, 50].
Recently, MCrAlY overlay bond coats deposited by low-pressure plasma spraying
(LPPS) or by high velocity oxy-fuel (HVOF) thermal spraying have become more
widely used because of the advantages over EB-PVD such as low cost, better
control of composition and the possibility to employ complex MCrAlY alloys with
tailored microstructures [43, 47, 51]. HVOF thermal spraying offers the advantage

of producing low-porosity coatings at relatively low cost compared to LPPS and
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FI1GURE 2.6: Optimum MCrAlY alloy compositions in relation to oxidation and
hot-corrosion resistance. Figure reproduced from [17].

has been employed for the manufacture of MCrAlY coatings in previous works

29, 31, 36].

HVOF thermal spraying involves injecting a bond coat material, in the form of
a feedstock powder, into a high temperature, high speed gas jet. The powder
is fed into a combustion chamber, accelerated along a nozzle and fired towards
the substrate. Depending upon the type of fuel used, the gas temperature and
velocity may range between 1650-2700 °C and 1300-2000 ms~ respectively, and

the powder particles may obtain velocities between 480-1020 ms™" [4].

In HVOF thermal spraying, the size of the powder particles influences their thermal
history and velocity, which in turn can directly affect the level of porosity and
oxide retained within the coating. One study by Thorpe and Richter [52] found
the velocity of particles 10 ym and 50 ym in diameter to be 1050 ms~! and 500
ms~!. The precise velocities obtained are dependent upon the type of gun and
fuel used, but the findings by Thorpe and Richter [52] provide a useful insight to
the effect of powder particle size. Lugscheider et al. [43] and Seachua [53] have

also reported significant velocity differences for differently sized powder particles.

Rajasekaran et al. [54] investigated the effect of powder size on the microstructure

of HVOF sprayed MCrAlY bond coats and found that a powder size range of 5-37
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pm produced coatings with lower porosity and higher oxide content compared to
medium (11-62 pm) and coarse (45-75 pm) size ranges, whereas the coarse sized
powder (45-75 pum) produced coatings with comparatively higher porosity and

lower oxide content. Seachua [53] also reported similar observations.

Development of HVOF spraying as an industrial process for the manufacture of
MCrAlY coatings has led to the use of spherical powders with a typical size range
of 15-45 pm [55, 56]. MCrAlY powder size distributions are typically given as a
range, specified by the sieving process used to separate the original gas atomised
powder. For example, Saeidi [56] reported the median particle size for Praxair
CO-210-24 powder (size range -45 +20 pm) to be approximately 34 pum with
approximately 80 % of particles between 25-45 pum.

The gas temperature and gas velocity directly influence the degree to which a
powder particle melts during flight. Melting of the powder particles can introduce
oxides into the coating [51, 57], which have been shown to affect the mechanical
properties of HVOF coatings [24]. Conversely, under-heating of the powder may
introduce porosity into the coating. Several other spray parameters also need to
be controlled during HVOF thermal spraying; the effect of spray distance, powder
feed rate, fuel/oxygen ratio, fuel type and shroud gas have all been investigated
and shown to affect the microstructures of thermally sprayed coatings [29, 43, 54,
57, 58]. As such, the type of HVOF gun employed, as well as the spray parameters,
need to be carefully considered when manufacturing bond coats through HVOF

thermal spraying.

First generation HVOF systems typically used a parallel sided nozzle and a gas
fuel, such as hydrogen or propylene, and were able to obtain gas velocities of
approximately 1300 ms™! from gas temperatures around 2700 °C [59, 60]. Newer
generation systems use liquid fuels such as kerosene and a converging-diverging
throat between the combustion chamber and nozzle, which is able to significantly
increase the gas velocity. The newer generation systems are able to produce gas

velocities of 1700 ms™! from gas temperatures around 2200 °C [61].
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Bond coats are typically deposited onto the surface of a Ni or Co based superalloy
[4]. The superalloy often undergoes a series of heat treatments and ageing
treatments after the bond coat has been deposited. The heat treatment reduces
the level of porosity within the bond coat, improves the adhesion between the bond
coat and superalloy, and allows for strengthening and ageing of the superalloy. The
exact heat treatments carried out are not generally published by the industry but
a typical treatment may be 1-2 hours at 980-1150 °C for Inconel superalloys or up
to 8 hours at 1080 °C for Nimonic alloys [62].

2.4.3 Microstructure of Overlay Bond Coats

Although the final microstructure of an overlay bond coat typically results from a
vacuum heat treatment at ~ 1100 °C (as described in the previous section), the
as-deposited structure still has a significant influence on the final microstructural
characteristics. It is well known that the as-deposited microstructure is highly
dependent upon the deposition method and so this section reviews the main
deposition methods used for overlay coatings and the typical as-deposited

microstructures obtained by each method.

2.4.3.1 Air Plasma Spraying (APS)

Air plasma spraying (APS) involves injecting powder particles into a high pressure
plasma gas stream, which can reach temperatures up to 15000 K [4]. A typical
feature of APS is that powder particles are exposed to high temperature but a

relatively low velocity gas stream; between 700-1000 ms~*

. The high temperature
typically causes the powder particles to become fully molten during flight. This
can cause extensive oxidation of the powder particles and results in APS coatings
typically exhibiting lamellar splats with inter-splat oxides. An example of an APS
deposited CoNiCrAlY coating is shown in Fig.2.7 [33]. APS coatings have been

extensively used in the past but typically for non-rotating parts.
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FI1GURE 2.7: Microstructure of an as-sprayed APS CoNiCrAlY coating. Figure
reproduced from [33].

2.4.3.2 Low Pressure Plasma Spraying (LPPS)

Low pressure plasma spraying (LPPS), also referred to as vacuum plasma spraying
(VPS), is a development of the APS process designed to reduce the level of
oxidation in the as-sprayed coating. This is achieved by conducting the spraying
process in a chamber held under partial vacuum and back-filled with inert gas [4].
The low pressure environment allows higher plasma gas velocities to be achieved,
which means the stand-off distance between the gun and substrate is also increased.
This results in the powder particles residing in the gas for longer time periods
and staying at high temperature for longer. This allows the powder particles
to become molten without being exposed to air, reducing the amount of oxide
retained in the as-sprayed coating. As-deposited LPPS coatings can exhibit high
porosity, which is eliminated during subsequent heat treatment. However, the
absence of oxide in the coating means that during heat treatment, porosity can be
eliminated and a defect free microstructure can develop. Fig.2.8 shows an example
of an as-sprayed VPS coating, which exhibits significant porosity, alongside the

defect-free microstructure of a heat treated VPS coating [56].

2.4.3.3 High Velocity Oxy-Fuel (HVOF) Thermal Spraying

MCrAlY bond coats deposited by HVOF thermal spraying, in the as-sprayed

condition, typically consist of unmelted and partially melted powder particles
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(a) (b)

FIGURE 2.8: Microstructure of an (a) as-sprayed and (b) heat treated VPS
CoNiCrAlY coating. The as-sprayed microstructure exhibits significant porosity
which is eliminated after heat treatment. Figure reproduced from [56].

interconnected by regions of material which fully melted during spraying and
rapidly solidified upon cooling [56, 59, 63]. Depending upon the spray parameters
used, there may also be varying levels of porosity and oxide retained in the
as sprayed coating. A vacuum heat treatment of 2 hours at 1100 °C, which
approximates to the heat treatment given to bond coats deposited onto Inconel
superalloys, has been shown to homogenise the microstructure of the coating and
reduce the level of porosity [56, 63]. The microstructure of a HVOF MCrAlY bond
coat, deposited by a MetJet liquid fuel gun, in the as sprayed and heat treated

condition is shown in Fig.2.9a and 2.9b respectively..

Chen [63] and Saeidi [56] investigated coatings manufactured from Praxair
CO-210-24 using HVOF thermal spraying (MetJet liquid fuel gun) and VPS. Both
authors found the HVOF liquid fuel and VPS coatings exhibited broadly similar
microstructures after heat treatment, but with less oxide and porosity found in the
VPS coatings. This is not surprising considering VPS is conducted under vacuum

whereas HVOF is conducted under in air environment.

2.4.3.4 Electron Beam Physical Vapour Deposition (EB-PVD)

EB-PVD is the process by which ingots of the coating material are vaporised using
focused electron beams. This creates a vapour cloud of the coating material which

then deposits onto the superalloy substrate. The process is carried out in a highly
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FIGURE 2.9: Microstructure of a HVOF CoNiCrAlY bond coat in the (a) as
sprayed and (b) heat treated condition. In the as sprayed coating partially
melted and unmelted powder particles can be identified whereas the heat treated
coating exhibits a homogeneous microstructure. Figure reproduced from [63].

evacuated chamber which reduces oxidation of the coating material [4]. EB-PVD
coatings typically feature low porosity and low oxide content, but can also be

highly textured as shown in Fig.2.10.

FI1GURE 2.10: Microstructure of an EB-PVD CoCrAlY bond coat showing the
aligned grain structure. The light and dark regions are v-Ni phase and S-NiAl
phase respectively. Figure reproduced from [4].

2.4.3.5 M