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Abstract

Aero-gas turbine engines have to meet reliability, durability and fuel e�ciency require-

ments. High turbine inlet temperatures may contribute to minimise fuel consumption

and, in turn, environmental impact of the engine. Over the past few years, new de-

signs and engine optimisation have allowed increase of such temperatures at a rate of

15◦C per year, with maximum operating temperatures currently exceeding 1650◦C. Ce-

ramic coatings (also known as Thermal Barrier Coatings or TBCs) in conjunction with

advanced cooling technologies are adopted to protect stator vanes and high pressure

turbine blades from excessive thermal loads. Nevertheless, even with these protections

in place, such components may experience a continuous service temperature of 1050◦C,

and peak temperatures as high as 1200◦C. Therefore, it is vital that engine rotating

components are able to maintain their mechanical properties at high temperature, while

being able to withstand thermal loads and having su�cient oxidation resistance to pre-

serve the integrity of the ceramic coating, and eventually reaching desired component

lives.

Such strict requirements can be met with the use of complex Thermal Barrier Coat-

ing systems or TBC systems; these consist of a nickel-based superalloy component which

is �rst coated with an environmental resistant layer (identi�ed as bond coat) and then

with a ceramic coating. As its name suggests, the bond coat must not only protect

the metallic substrate against oxidation and/or corrosion but must also provide su�-

cient bonding of the ceramic top layer to the metallic substrate. This goal is achieved

through the formation of a further layer between the bond coat and the ceramic. In

gas turbine applications, such a layer (identi�ed as Thermally Grown Oxide or TGO)

is an alumina scale which is the result of the bond coat oxidation during the ceramic

deposition.

During engine service, several time and cycle related phenomena occur within the

TBC system which eventually lead the system to failure by spallation of the top coat.
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II Abstract

This may have catastrophic consequences as the uncoated component would face tem-

peratures higher than the melting point of the constituent metal. This is avoided by

strict maintenance regimes based on the minimum expected life of the coating. While

essential for safeguarding the aircraft, this approach prevents the TBC systems from

being used to their full potential. This study investigates possible optimisation methods

of the manufacturing process of TBC systems, with the aim of improving reproducibil-

ity in terms of time to failure, thereby extending their minimum life expectancy and

reliability. Two di�erent types of TBC systems are studied: a TBC system with a

Platinum-di�used bond coat and a TBC system with a Platinum-modi�ed aluminide

bond coat. The work focuses on the e�ects due to modi�cation of process parameters

(varied within industrially accepted range) on the TBC systems lifetime in laboratory

scale cyclic oxidation tests. Experimental results show that accurate monitoring of the

metal substrate surface �nish as well as of the Pt layer morphology and ceramic de-

position temperature may result in a dramatic improvement in life expectancy of the

system, up to sevenfold when compared to control samples, or threefold if compared to

commercial coatings.
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Introduction and thesis structure

A gas turbine engine has to be not only reliable, economical on fuel and pro�table

but also environmentally acceptable. The pressure in this sector is so high that in

March 2000 the European Commission has launched a large program, `E�cient and

Environmentally Friendly Aircraft Engine (EEFAE)', aiming at mitigating the impact

of aviation on the global warming and climate change [26, 27]. The project pursued

the validation of new technologies that would allow a reduction of emission of carbon

dioxide (CO2) by 20% and nitrogen oxides (NOx) by 80% relatively to the ICAO1 1996

standard. This means that future aircraft gas turbine engines must provide increas-

ing cycle performance at reduced weight (i.e. increased thrust to weight ratio), which

will minimize fuel consumption and consequently reduce emission of greenhouse gases.

Producing more thrust while burning less fuel translates into increasing the operating

temperatures within the turbine section of the engine. In modern gas turbine such tem-

perature can exceed 1650◦C, with cooled components reaching temperatures as high

as 1200◦C. To meet the engine performance, while operating in such environment, the

alloys used for parts construction must be able to maintain their mechanical proper-

ties up to extraordinary high temperatures. Creep, fatigue and tensile strength are

optimised for maximum load-carrying capability, usually at the expense of the alloys

environmental resistance. As a consequence, the structural material of a component

exposed to the high pressure turbine environment will quickly degrade due to oxidation,

corrosion and cyclic fatigue.

Overall protection against heat-related damage can be provided by environmental

resistant coatings. These are produced by means of specialised surface treatments of the

structural material and provide a barrier between the alloy and the outer environment.

Such coatings do not need to have load-bearing capability, and their composition and

properties can be tailored to meet speci�c environmental resistance requirements. A

1International Civil Aviation Organization
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further contribution to the reduction of the heat damage to the alloy is provided by

TBCs, which allow a reduction in the overall metal surface temperature. This class

of ceramic coatings provides thermal insulation for the component, allowing a high

thermal gradient to be subtended across the coating thickness.

Although reducing the metal surface temperature results in an increment of the

component life without sacri�cing the performance of the turbine, more often TBCs

are applied to either improve the engine performance or the thrust to weight ratio (see

�gure 1). Thermal Barrier Coatings, in fact, o�er the potential of either reducing the

cooling air �ow by about 36%, whilst maintaining the operating temperature of the

turbine, or increasing the turbine entry temperature up to 150◦C without any increase

in the metal surface temperature [28, 29].

Figure 1: Potential bene�ts in gas turbines for the use of TBC: depending on operating
conditions and requirements, TBC can improve engine performance and
thrust as well as component lifetime [1]

Due to the thermal mismatch between the ceramic and the component structural

material, TBC cannot be deposited directly on bare alloys. To provide the necessary

adhesion, the ceramic is deposited on the metal component as the top layer of a com-

plex structure called TBC system. This consists of three layers, two ceramics and one

metallic, which are, from the metallic substrate outwards: bond coat, Thermally Grown

Oxide (TGO) and TBC (�gure 2). The bond coat and the TBC are deliberately de-

posited on the metal substrate, while the TGO is the result of bond coat oxidation

during the TBC deposition.
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Figure 2: Illustration of a typical coating system for a high pressure turbine blade.
In red the schematic pro�le of temperature is highlighted; the drop of tem-
perature close to the blade surface is due to the presence of a thin cooling
air �lm [2]

Purpose and structure of the thesis

During engine operations, several time and cycle related phenomena occur within the

TBC system which eventually result in the system failure by spallation of the top coat.

Moreover, TBC systems show a large variability in time to failure which prevents the use

of these coatings to their full potential. A possible approach to meet the requirements

for higher durability, reproducibility and energy e�ciency is the development of both

new substrate and coating materials. The approach adopted in this study, instead,

consists of optimizing the existing TBC systems manufacturing process. Two types of

TBC systems were studied: a TBC system with a Pt-di�used bond coat and a TBC

system with a Pt-modi�ed aluminide bond coat; the two systems are shown in �gure

3A and B, respectively. The production of these systems involved several steps which

were entirely carried out within the National High Temperature Surface Engineering

Centre facilities in Cran�eld University. The optimization process was articulated in

two phases:

1. studying the e�ect that a variation in one or more process parameters, for each

manufacturing step, has on the TBC system lifetime measured in cyclic oxidation

test;

2. modelling, where possible, the life data with Weibull distribution in order to
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Figure 3: SEM micrographs of the cross section of a TBC system with a Pt-di�used
bond coat (A), and of a TBC system with a Pt-modi�ed aluminide bond
coat (B).

quantify the TBC system durability and reproducibility.

Given the complexity of the processes and manufacturing procedures analysed in this

thesis, as well as the large number of variables and parameters investigated, it was

decided to organize the document into three Parts, each comprised of several chapters,

rather than according to the more `classical' layout. This has given the author the

possibility of addressing relevant topics and aspects independently, hopefully improving

the thesis clarity and accessibility. The document overall structure is as follows:

Part I consists of the literature review, which provides a theoretical background to the

present study and discusses the state-of-the-art in high temperature coating man-

ufacturing and their degradation mechanisms, mainly focussing on the processes

relevant to the speci�c systems investigated in this work. This thesis does not aim

to provide an exhaustive review on the knowledge of production and degradation

of coatings in general. An overview of the methods adopted for the statistical

analysis of life data is also presented.

Part II describes the experimental procedure followed to develop, produce, test, and

characterise the two types of TBC systems studied. Each step is independently

addressed in a separate chapter, from chapter 6 to 10. Due to the complexity of

the manufacturing process, an `Introduction to the experimental procedure' has

been added too, in order to provide an overview of the whole manufacturing

procedure.
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Part III collects several chapters presenting and discussing the experimental results.

Each chapter in this section is dedicated to a single process parameter which was

found to have an e�ect on the life of the coating system. The performance of the

custom made TBC systems are evaluated and when possible compared to that of

commercial TBC systems.



Part I

Literature review

6



Chapter 1

Substrate alloys

Despite Goulette's forecasts regarding the gas turbine materials usage [30], and despite

the increasing interest in ceramic matrix composites (CMCs), both for rotating and

static components [31], four classes of alloys based on the metals aluminium, iron, ti-

tanium and nickel continue to be the major constituents of aero engines (�gure 1.1).

Figure 1.2 shows the density-corrected strengths for these four groups of alloys as a

Figure 1.1: The di�erent materials used in a Rolls Royce jet engine: titanium based
superalloy (blue), nickel based superalloys (red), steel (orange), aluminium
based alloy (yellow), composites (green) [3]

function of the temperature. Aluminium and Al-base alloys cannot be used for high

temperature applications due to the relatively low melting point of the pure metal

(660◦C) and to the limited temperature capability of its alloys. Titanium is a very

7



8 Substrate alloys

Figure 1.2: Temperature capability for several classes of alloys, adapted from [4]

attractive alloy base metal due to its low density (4.54 g
cm3 , about 40% less than steel,

cobalt and nickel based superalloys), high melting point (1668◦C), and excellent corro-

sion resistance. Ti-base alloys exhibit high strength and low density, therefore they are

adopted for manufacturing fan and compressor blades of gas turbine engines. When

exposed to a temperature above 600◦C, titanium alloys tend to form interstitial phases

which compromise the mechanical properties, making these alloys unsuitable for high

temperature applications. Steel is an iron-carbon alloy which has a carbon content

between 0.2wt% and 2.1wt%, depending on the grade. To achieve a broad range of

physical and structural properties, various alloying elements (e.g. Cr, Mo, Ni, V , Ti)

besides carbon are added to the alloy. For low temperature applications, steels are pre-

ferred to Ni-base alloys because of their comparable mechanical properties and lower

price. At higher temperature the density-corrected strengths of these alloys drops below

those of Ni-base superalloys; therefore for applications under stressed conditions steels

are adopted up to 650◦C.

A material for load-bearing applications at high temperature is required to have

high strength and to maintain it across a wide range of temperatures. Only two types

of alloys satisfy such requirements: cobalt and nickel based superalloys, the latter being

best suited for aeroengine applications. Nickel is characterized by high melting point

(1455◦C) and face centered cubic (FCC) crystal structure, which makes the pure metal

suitable for extensive alloying. Ni-base superalloys have two essential alloying con-

stituents: aluminium and/or titanium, with a typical total concentration below 10at%.

These solutes generate a two-phase equilibrium microstructure consisting of a matrix,
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γ − phase, which is strengthened by the precipitation of a second phase: γ′ − phase.
The γ − phase is a solid solution with a FCC crystal structure. Several alloying

elements such as Cr, Co, Fe, Mo, Ta, W , and Re dissolve in the γ − phase randomly
replacing the Ni atoms without changing the crystal structure. Due to the di�erence

in size between the solute atoms and the Ni atoms, a stress �eld is generated inside the

matrix impeding the dislocation motion and increasing the strength of the alloy. How-

ever, the main phase responsible for the elevated-temperature strength of the Ni-base

superalloys and their outstanding resistance to creep deformation is the precipitation

of the γ′ − phase into the γ matrix.

The γ′ − phase is an intermetallic compound with L12 crystal structure (ordered

FCC). Al or Ti atoms are placed at the vertices of the cubic cell and form the sublattice

A.Ni atoms are located at the centre of each face and form the sublattice B. This atomic

arrangement corresponds to the chemical formula Ni3Al, Ni3Ti, or Ni3(Al, T i). The

phase is not strictly stoichiometric; deviations from stoichiometry result from an excess

of vacancies which may exist in one of the two sublattices. Sublattices A and B of the

γ′ − phase can accommodate a considerable proportion of other elements: the Ni sites

may also contain Co, Cr and Mo while the Al sites may contain Hf , Ta, and Nb.

The phases γ′ and γ do not share only the same cubic structure but also similar

lattice parameters, therefore γ′ precipitates in a cube-cube relationship with γ. This

means that the edges of the γ′ cell are exactly parallel to the corresponding edges of the

γ phase. Besides, due to the similarity in the lattice parameters, γ′ is coherent1 with

the γ matrix when the precipitate size is small. Coherent interfaces have low energy,

hence the precipitates have little driving force to grow in size. The presence of these

�ne and hard precipitates, over a wide range of temperatures, results in the impediment

for dislocation motion and in the increment in strength of the alloy.

The size and the volume fraction of γ′ in the alloy a�ect the creep and the fatigue

strength of the material. The precipitates size ranges between 0.2µm and 0.5µm and

their shape evolves from a spherical morphology for the smallest size to the cuboidal

morphology for the largest size. Depending on the application, the minimum volume

fraction of γ′ in the alloy may range from 0.2, when the alloy is designed for service at

relatively low temperatures (e.g. 750◦C), to 0.6, in turbine blades for modern turbine

engines [32].

To further improve their high temperature capability, over the years the Ni-base

1A precipitate whose crystal structure and atomic arrangement has a continuous relationship with
the matrix from which the precipitate is formed is de�ned as coherent.
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superalloys evolved from wrought to cast, then to directionally solidi�ed alloys and �-

nally to single crystal material [15, 33]. When adopted for turbine blade manufacturing,

the Ni-base superalloys in polycrystalline form tend to fail along the grain boundaries

orientated transversely to the blade axis which is the direction of the centrifugal force

of rotation. The creep properties of the alloy improved considerably with the intro-

duction of the directionally solidi�ed alloys which are characterized by columnar grains

orientated parallel to the blade axis. A further increase in creep strength was achieved

when the grain boundaries were eliminated altogether in a single crystal material. The

single-crystal superalloys are often classi�ed into �rst, second, third, and fourth gen-

eration alloys. The �rst generation of single crystal nickel based superalloys contained

concentrations of aluminium in excess of 10wt% or chromium in excess of 16wt%; this

in the aim to combine excellent mechanical properties at elevated temperatures with a

certain oxidation/corrosion resistance. In an oxidizing atmosphere, in fact, these alloys

are able to establish a protective scale (alumina and/or chromia) capable of decreas-

ing further substrate attack. Second, third, and fourth generations of superalloys for

single crystal turbine blades, contain as many as 5 to 12 additional elements; among

them relatively high percentages of refractory elements such as Ta, W , Re or Ru which

enhance the high temperature mechanical properties. Unfortunately, this is done at

the expense of environmental resistance as the percentage of Cr and Al is decreased.

Table 1.1 includes the composition, in weight percentage, of some commercially avail-

able nickel-base superalloys which have been developed for use as single-crystal turbine

blades and vanes.
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Alloy Cr Co Mo W Ta Re Ru V Nb Al Ti Hf
1st generation [34]

PWA 1480 10 5 - 4 12 - - - - 5.0 1.5 -
PWA 1483 12.8 9 1.9 3.8 4 - - - - 3.6 4.0 -
Rene N4 9 8 2 6 4 - - - 0.5 3.7 4.2 -
SRR 99 8 5 - 10 3 - - - - 5.5 2.2 -
RR 2000 10 15 3 - - - - 1 - 5.5 4.0 -
AM1 8 6 2 6 9 - - - - 5.2 1.2 -
AM3 8 6 2 5 4 - - - - 6.0 2.0 -

CMSX-2 8 5 0.6 8 6 - - - - 5.6 1.0 -
CMSX-3 8 5 0.6 8 6 - - - - 5.6 1.0 0.1
CMSX-6 10 5 3 - 2 - - - - 4.8 4.7 0.1

CMSX-11B 12.5 7 0.5 5 5 - - - 0.1 3.6 4.2 0.04
CMSX-11C 14.9 3 0.4 4.5 5 - - - 0.1 3.4 4.2 0.04

AF 56 (SX 792) 12 8 2 4 5 - - - - 3.4 4.2 -
SC 16 16 - 3 - 3.5 - - - - 3.5 3.5 -

2nd generation [34]
CMSX-4 6.5 9 0.6 6 6.5 3 - - - 5.6 1.0 0.1
PWA 1484 5 10 2 6 9 3 - - - 5.6 - 0.1
SC 180 5 10 2 5 8.5 3 - - - 5.2 1.0 0.1
MC2 8 5 2 8 6 - - - - 5.0 1.5 -

RENE N5 7 8 2 5 7 3 - - - 6.2 - 0.2
3rd generation [34]

CMSX-10 2 3 0.4 5 8 6 - - 0.1 5.7 0.2 0.03
RENE N6 4.2 12.5 1.4 6 7.2 5.4 - - - 5.75 - 0.15

4th generation [35]
TMS-138 2.9 5.9 2.9 5.9 5.6 4.9 2 - - 5.9 - 0.1

Table 1.1: Nominal composition in weight percentage of four generations of commer-
cially available single crystal Ni-base superalloys (nickel content is to bal-
ance)



Chapter 2

Oxidation of metals

Oxidation consists in the conversion of a metallic element into its oxides; such a process

occurs when a pure metal or an alloy are exposed to an oxygen containing gas at high

temperature. The formed oxide can either be a continuous adherent layer that acts as an

oxygen di�usion barrier, thus reducing further oxidation of the metal, or a brittle scale

that continuously spalls leaving fresh metal exposed. In the latter case, the component

experiences continuous metal loss which may result in loss of load-bearing capability

and eventually in component failure. Oxidation studies consist of monitoring either the

oxygen uptake, the metal weight loss or the metal thickness loss when the component is

exposed, at high temperature, to an oxidising environment containing O2, CO2, H2O,

NO2 or their combinations.

2.1 Oxidation process

The oxidation process occurs according to a solid-gas reaction between the metal and

the oxygen to form the oxide layer. In its general form, the reaction is:

xMe(solid) +
y

2
O2(gas)
MexOy(solid) (2.1)

where Me stands for metal. The change in Gibbs free energy (4G) associated with

the reaction determines how prone the metal is to oxidise; in particular the reaction

spontaneously proceeds from left to right if 4G<0; the system reaches the equilibrium

when 4G = 0 [36]. The 4G associated to the oxidation reaction is:

4G = 4G(products)−4G(reactants) = 4G◦ +RTlnK (2.2)

12
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where 4G◦ is the free energy change involving reactants and products in their

standard state1, R is the gas constant, T the temperature in Kelvin, and K is the

equilibrium constant of the reaction, given by:

K =
aMexOy

axMe ∗ a
y
2
O2

(2.3)

where an is the activity of the species n. The activity is de�ned by:

an =
Pn
P ◦n

(2.4)

where Pn is the partial pressure of the species n in the alloy, while P ◦n is the vapor

pressure of the species n over pure n at the same temperature. Equation 2.4 shows that

the activity of pure substances is 1, while for gases the activity corresponds to their

partial pressure. From equation 2.2, at equilibrium:

4G = 4G◦ +RTlnK = 0, (2.5)

and, by combining equations 2.3, 2.4, and 2.5:

4G◦ = RTlnPo2 . (2.6)

At a given temperature, equation 2.6 allows to determine the equilibrium partial

pressure of oxygen (Po2,equil) from the value of 4G◦:

Po2,equil = exp(
4G◦

RT
). (2.7)

Po2,equil is the value of the partial pressure of oxygen at which the driving force

for the reaction is zero. This means that, at a given temperature T , reaction 2.1 will

take place (namely the metal will oxidise) if Po2 > Po2,equil while, the oxidation will be

avoided if Po2 < Po2,equil. In this case, the metal oxide will dissociate to form metal

plus oxygen gas. The variation of 4G◦ with temperature for several reactions can be

read on the Ellingham diagram (�gure 2.1).

One should be aware that thermodynamic considerations based on the free energy

change predict how favorable the reaction is, but does not provide any information

about the rate at which the reaction occurs. Moreover, thermodynamic calculations

1The standard state is de�ned as the state in which the pure substance (solid, liquid or gas) exists
at a pressure of 1 atmosphere and a temperature of 298K (25◦C).
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Figure 2.1: Ellingham diagram of free energy of formation of oxides as a function of
temperature [5, 6]
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do not take into account the individual steps that lead to the oxide formation, such as

oxygen adsorption on the metal surface, oxide nuclei formation and oxide �lm growth

[37].

2.2 Oxidation of alloys

Generally speaking, the oxidation of alloys is a more complex phenomenon than the

oxidation of a pure metal. The complications arise from the formation of internal

oxides, mixed oxides, and from the di�usion interaction within the metal. The alloying

e�ect, on oxidation behaviour, was studied by Wagner [38] adopting a binary alloy

model AB where, A is the major alloying component and B is the minor component.

Two di�erent cases [39] occur, the oxidation mechanism of which is described in the

following paragraphs.

Case 1 This case represents the situation in which A is more noble than B but B is

more reactive than A. This means that, in an oxidising environment2, A does not

oxidise while B forms BO. In practice, this case depicts the oxidation behaviour

of a Pt-modi�ed aluminide bond coat where A is the Pt and B is Al, Cr, or

Ti. Case 1 includes two di�erent scenarios depending on the concentration of B

in A. If B is diluted in A, and oxygen is soluble in A, then B oxidises to form

internal precipitates (BO) dispersed in A (�gure 2.2a). The amount of B is in

fact insu�cient to form a continuous layer of BO. The oxidation results in the

formation of a continuous oxide scale only if B is concentrated in A (�gure 2.2b).

Case 2 This case illustrates the situation in which A and B both form stable oxides but

BO is more stable than AO. When an alloy containing more than one constituent

capable of forming a stable oxide, is exposed to an oxidising environment, the

oxygen is adsorbed on the metal surface and nuclei of all the stable oxides are

formed on the alloy. These nuclei start growing laterally until the oxide with

the greatest stability covers the entire alloy surface with a continuous scale. At

this stage, the growth of the other metal oxides stops and the oxidation rate is

controlled by the growth of (and the transport through) the predominant oxide

�lm. In the simplest case of a binary system, where BO is more stable than AO,

this mechanism would result in the formation of a continuous layer of BO on the

2An atmospheric pressure of oxygen is assumed
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Figure 2.2: Binary alloy oxidation: A is more noble that B but B is more reactive
that A. (a) B is diluted in A and oxidation results in the formation of BO
precipitates dispersed in A. (b) B is concentrated in A and the amount of
B is su�cient to form a continuous scale of BO. Adapted from [7].

alloy surface (�gure 2.3b). If B is diluted in A with a concentration lower than

the critical value needed to form a continuous layer of BO, then a stable oxide AO

is formed as an outer oxide scale instead. Underneath the AO layer, at the oxide

layer/alloy interface, B converts into BO precipitates dispersed in A as illustrated

in �gure 2.3a.

Figure 2.3: Binary alloy oxidation: A and B form stable oxides but BO is more stable
that AO. (a) B is diluted in A and the oxidation results in the formation
of an outer layer of AO and an inner layer of BO precipitates dispersed in
A. (b) B is concentrated in A and the amount of B is su�cient to form a
continuous scale of BO. Adapted from [7].

Case 2 mirrors the behaviour of NiAl coatings (see section 3.2) where aluminium oxides

are more stable than nickel oxides. Depending on the Al concentration, the alloy may

follow three di�erent oxidation behaviours [7]:
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� Al<6at%: the alloy oxidation mechanism follows the scheme pictured in �gure

2.3a, with the formation of an outer layer of NiO and an inner layer of Al2O3 and

NiAl2O4.

� 6at%<Al<17at%: this alloys form an Al2O3 oxide layer in the initial phase of ox-

idation. Subsequently, a prolonged exposure to the oxidising environment causes

the oxide layer to degenerate in a mixture of NiO and NiAl2O4 spinel, resulting

from the combination of NiO and Al2O3. Over time, in fact, the Al concentration

in the alloy adjacent to the oxide scale drops below the critical value required to

form a continuous layer of Al2O3 thus NiO starts forming.

� Al>17at%: the Al reservoir in the alloy is su�cient to maintain a continuous

alumina layer. The oxidation mechanism for these alloys is given in �gure 2.3b.

2.3 Role of the alloy constituents

Nickel based superalloys for single crystal turbine blades contain several additional

constituents (table 1.1); what is their role in terms of alloy oxidation resistance? Alu-

minium is the alloying element that provides the greatest e�ect on oxidation resis-

tance at elevated temperatures: it allows the formation of a protective scale of alumina

which decreases further substrate attack. Chromium provides oxidation resistance at

intermediate temperatures and is usually added to the alloy to withstand corrosive

environments at these temperatures. When chromium and aluminium are present in

combination, Cr increases the Al activity in the alloy, therefore the Al content required

to form an alumina scale is reduced from 10wt% to 5wt% within NiCrAl alloys[40].

Additions of Co, Ti, Re, W , V , Nb, and Mo may be detrimental for the oxida-

tion resistance of the alloy. Cobalt oxide has a higher growth rate than nickel oxide,

therefore, when the alloy area in contact with the oxide scale is depleted in Al after a

prolonged exposure to high temperature, high concentrations of Co cause the formation

of a faster growing CoO scale. When added to Ni-base superalloys, titanium increases

the growth rate of alumina and reduces its scale adherence. However, Sarioglu et al.

[41] showed that, if a similar amount of Ti is added to a FeCrAl, the alloy oxidation

resistance improves.

Refractory elements, in principle, have a detrimental e�ect on the alloy oxidation

resistance because they reduce the Al di�usivity to the surface. Moreover, some of
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the refractory metals, such us ruthenium and rhenium, form highly volatile oxides,

the vapourisation of which makes the alumina scale structure uneven, causing scale

spallation. An exception to this is tantalum: small additions of this element, in fact,

improve the oxidation resistance of the alloy [42].

Hafnium additions to Ni-base alloys, improves the Al2O3 scale adhesion[43, 44]

while, when this element is added to Pt-modi�ed γ+γ′ alloys, it results in a signi�cant

reduction in scale growth [43, 45, 46].

2.4 Role of sulphur

Sulphur is not deliberately added to coatings or alloys, nevertheless, it is always present

in tens of part per million. This contamination may result from the alloy casting process,

the aluminising equipment, the Pt deposition via electroplating or simply from the

component handling and storing [47, 48, 49]. During oxidation, sulphur segregates at

the alloy/oxide interface reducing the adhesion of the oxide scale to the alloy eventually

triggering early oxide spallation [50, 51, 52]. The detrimental e�ect of sulphur can be

reduced either by physically removing it from the alloy or by `trapping' it away from

the alloy/oxide interface. The removal methods aim at reducing the S content below

1ppm and consist of repeated oxidation and polishing, high temperature annealing in

vacuum or annealing in H2 at a temperature between 1100◦C and 1200◦C [53]. The

addition of reactive elements instead trap the sulphur at the alloy grain boundaries. For

example, yttrium additions tie up the sulphur forming yttrium sulphides or complexes

[54, 55, 56].

2.5 Oxidation testing

Oxidation studies involve monitoring either the oxygen uptake, the metal weight gain

or the metal thickness loss when a component is exposed to an oxidising environment;

two types of test are adopted commonly: isothermal tests and cyclic tests. Isothermal

tests are usually conducted in a tube furnace and consist of three phases:

� a heating up phase to test temperature, which can last 10 to 15 minutes depending

on sample size;

� hold time at the test temperature, for various times from minutes to thousands

of hours;
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� a cool down phase to room temperature with a controlled cooling rate (typically

between 10◦C/min and 15◦C/min).

The tested samples are typically disk-shaped coupons the surface of which is ground

with 600 grit abrasive paper before testing. During the test, an oxide scale forms on the

alloy surface. Microbalances can be used to record the coupons weight change during

the test and the oxide growth is plotted as a function of the exposure time. At the test

completion, the oxide thickness and composition may be determined by SEM and EDX

analysis conducted on the metallographically prepared cross section of the coupons.

While every e�ort is made to replicate the gas temperature and the conditions that a

component would experience in real-life applications, gas velocities in a laboratory test

are considerably lower than those in the high pressure turbine section of a gas turbine

engine (∼ 1000m
s
at 1093◦C). This means that isothermal tests provide an excellent

instrument to study the fundamental processes involved in oxidation but they cannot

be used to predict reliably the oxidation life of the component in service [7].

Cyclic oxidation tests consist of cyclically moving the specimens in and out of a

furnace. In one typical cycle, disk-shaped samples may alternate 50 minutes in the

furnace hot zone to 10 minutes outside of the furnace, in the laboratory environment.

The cool down phase, down to a temperature below 100◦C, is usually performed either

in still air or forced ventilation. The samples should be visually monitored at regular

interval during the whole test, and their weight change regularly recorded. Guidelines

for cyclic oxidation test standardization were outlined by Nicholls and Bennett [57].

Cyclic oxidation tests can be performed also in burner rigs [58]. Such a setup is more

versatile, in that it allows the analysis of the combined e�ects on the durability of

coupons (or components) of cyclic oxidation, hot corrosion, and erosion. While the

tested specimens are thermally cycled in the rig to simulate the start-up and shut-down

conditions in the engine, hot corrosion and high temperature erosion investigations can

be performed by adding a controlled amount of contaminants and solid particulate to

the fuel and to the combustion air.



Chapter 3

Di�usion coatings for oxidation

resistance

The composition of superalloys for high temperature applications has been optimised

to achieve high temperature mechanical properties; unfortunately, this has been done

at the expense of the environmental resistance of the alloy. The environmental protec-

tion, therefore, has to be provided by an external coating, compatible with the alloy,

and the composition and microstructure of which have to be tailored to provide good

oxidation and corrosion resistance. The primary aim of the coating is to produce a

stable, adherent, slow growing surface oxide capable of providing a barrier between the

coating alloy and the environment [40, 59].

A large number of coatings and coating processes are available to provide surface

protection. In principle, the coating selection depends on the component design and

application, but it is di�cult to draw general rules. Even for the same application and

the same engine, in fact, di�erent commercial strategies could result in di�erent choices

of coating: opting for a higher e�ciency and, as a consequence, higher temperatures at

the expense of long life, could imply a change in the operating conditions, and therefore

a change in the dominant degradation mechanisms.

The numerous types of environmental protective coatings can be divided into two

main categories: overlay coatings and di�usion coatings, only the latter are described

here, with particular attention to the Pt-modi�ed aluminide and Pt-di�used coatings.

When the protective coatings are used with a thermal barrier, they are also called bond

coats because they provide a `transition' layer on which the ceramic top coat adheres

better than on the substrate.

20
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3.1 Production of di�usion coatings

Di�usion coatings [60, 61] are formed by the surface enrichment of an alloy with an

oxide scale former such as aluminium, chromium, Silicon or their combination. These

elements react with the substrate alloy constituents to form an intermetallic layer,

which has a thickness between 10µm and 100µm, depending on the application, and a

signi�cantly high level of the enriching elements.

Three main techniques are available to manufacture di�usion coatings: pack cemen-

tation process, out-of-pack process, and Chemical Vapour Deposition (CVD) [62]. All of

them require exposure to high temperature of the components to be coated and consist

of �ve main steps:

1. generation of the vapour containing Al, Cr, or Si;

2. transport of the vapour to the component;

3. reaction of the vapour with the elements of the substrate alloy to form various

intermetallics;

4. di�usion in the alloy;

5. post-processing heat treatments with the double aim of achieving a coating with

the desired composition and microstructure and of recovering the mechanical

properties of the substrate alloy.

The di�erences among the three processes listed above lie in the way the vapour is

generated and transported to the components. In the pack cementation process the

components are in contact with a pack mixture in a heated retort. The vapour is

generated inside the pack. In the out-of-pack process, the parts are still placed in the

retort, but not in direct contact with the pack. The vapour is adequately conveyed to

reach the external and internal surfaces of the components. In the CVD process, the

vapour is generated in a retort physically separated from the deposition chamber and

then it is circulated around and onto the components.

Some pre-processing procedures are carried out on the component before the coating

deposition. These consist of:

1. cleaning the component surface;

2. a masking procedure.
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Cleaning involves grit blasting of the surface with alumina grits, the purpose being

to remove oxides and contaminants. Masking has the aim of protecting some areas

of the component which are not intended to be coated. For instance, when coating

turbine blades via aluminium enrichment, only the aerofoils have to be exposed, while

the remaining areas of the blades must be screened. The maskant is usually a nickel-

based paste that solidi�es upon application and that is able of withstanding process

temperatures without degrading.

3.1.1 Pack cementation process

In the pack cementation process[63, 64], the parts to be coated are placed in a sealed

or semi-sealed retort, and are embedded in a powder mixture containing: a source

of coating material, a halide salt, and an inert �ller material. The source material,

identi�ed as the master alloy, can be either pure or alloyed. The halide salt can be

either a stable or an unstable halide salt such as AlF3, NaCl, NH4Cl, and NH4F .

It is usually added to the powder mixture in small quantities (2wt% to 5wt%) and it

acts as an activator in the chemical reactions which promote the coating deposition.

The �ller material, usually alumina, has the dual purpose of preventing the pack from

sintering and of suspending the components to be coated during deposition. The process

is carried out at a temperature between 700◦C to 1100◦C, under a protective Argon

atmosphere, or an Ar +H2 atmosphere.

Although the pack cementation is extensively used and covers the need of 80-90%

of the market, it has several drawbacks. The process requires a direct contact between

the components and the pack powder, therefore, small or inaccessible passages cannot

be coated. Even when the internal passages are accessible, it is di�cult to obtain a

uniform coating thickness and microstructure. Morphology and thickness of the internal

coating are, in fact, a function of the ratio between the surface area and the pack powder

available. Besides, the required intimate contact between the pack and the component

causes some powder particles to become entrapped within the coating, acting as stress

concentrators, thus increasing the risk of fatigue cracking.

A variant of this method which aims at reducing the limitations of the standard

pack technique is the slurry process : in this case the coating material is mixed with a

carrier �uid to form a slurry which is injected into cavities or is painted on the accessible

surfaces to be coated [65].
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3.1.2 Out-of-pack process

Most of the disadvantages of the pack cementation process have been overcome by the

introduction of the out-of-pack process [66, 67], which does not require any contact

between the components and the pack mixture. In this process, the parts to be coated

are placed in a retort, above a tray containing the pack mixture; the retort is designed

to allow the �owing of an inert gas, usually Argon or an Argon/Hydrogen mixture.

Such gases work as a carrier for the halide vapors generated inside the pack, which can

then easily access both the external and the internal surfaces of the component.

A variant of this type of process is the vapour phase process, which has been de-

veloped by SNECMA to produce aluminide protective coatings for military and civil

applications [68]. The main novelty of the vapour phase process is the nature of the

vapour source: the powder pack is replaced by Al-Cr alloy in the form of solid granules

on which the activator is sprinkled. The absence of powder and the possibility to re-use

the granules up to 50 times makes the process more environmentally friendly.

3.1.3 Chemical Vapour Deposition

In the CVD process, the halide vapour is generated in a reactor placed remotely from

the deposition zone and then it is transported by gas �ow, as well as di�usion, to the

deposition reactor, which is held at a temperature between 1000◦C and 1100◦C. In com-

parison to the other techniques available to deposit di�usion coatings, the CVD process

has several advantages. The coating can be formed over a wider range of distances, up

to 1 − 2000mm against the 300mm max of the out-of-pack process, allowing to coat

uniformly long internal passages. The CVD process gives greater control over the con-

centration of the halide vapour, which in turn gives greater control over composition

and coating growth rate. It allows also to introduce multiple elements in the coating

adopting independent reactors [8] (see �gure 3.1). Finally, the post coating heat treat-

ment can be carried out without removing the components from the deposition chamber

reducing the manufacturing time and cost [69].

3.2 Aluminide coatings

Aluminide coatings are a particular type of di�usion coatings where the alloy surface

is enriched with aluminium. These are the coatings of choice for protecting superalloy
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Figure 3.1: Schematic diagram of a CVD process for co-deposition of Hf , Si and Al
[8].

components in oxidizing environments; they o�er satisfactory performance in many ma-

rine, aeronautical and industrial applications if adopted at temperatures below 1100◦C.

For applications in oxidising-corrosive environments, the resistance of the aluminide

coatings is improved by the addition of alloying elements such as Cr, Si, Ta, Hf , Zr,

Rare Earth elements (e.g. Y ), and precious metals (e.g. Pt and Pd). These modi�ed

aluminide coatings may be deposited in several ways: co-deposition of elements from

the pack or slurry, suitable pre-treatment of the superalloy before pack aluminising,

or deposition of a metallic layer using electroplating or Physical Vapour Deposition

(PVD, see section 3.4 for more details) [40]. The industrial success of the aluminising

processes depends on the low cost of the raw materials, the ability to coat at one time

large batches of parts and the possibility to strip and recoat out-of-tolerance and used

parts.

The morphology, the thickness and the Al activity in the coating depend on the

process parameters, the post-processing heat treatment and the substrate alloy compo-

sition. The Aluminide coating, as any other type of di�usion coating, can be deposited

only in a limited range of thicknesses, typically between 30µm and 70µm [70], depending

on the type of aluminide formed. This is linked to two main factors: the progressively

reduced activity of the pack, due to its continuous depletion in source material, and

the growth rate of the coating. The coating growth is di�usion controlled, hence the

coating thickness increases roughly as the square root of the time [71, 72]:

x ≈
√
Dt (3.1)

where x is the coating thickness, D is the relevant di�usion coe�cient and t is the
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exposure time at the processing temperature. Relation 3.1 shows that progressively

more time is required to achieve the same increment in coating thickness. Typically,

aluminide coatings contain in excess of 30wt% aluminium [70].

3.2.1 Aluminising of Ni base alloys: microstructure and mech-

anism of coating formation

Aluminide coatings can be applied with one of the techniques described in section 3.1:

pack cementation, out-of-pack or CVD. All of these processes are based on the same

chemical reactions, and all of them operate through a similar mechanism in the gas

phase, although the range of transport in the pack process is rather small. At the

process temperature the activator reacts with the metallic component of the pack, pure

aluminium or aluminium alloy, to form a mixture of volatile aluminium subhalides

(AlXn) according to the reaction:

(3− n)Al + nAlX3 → 3AlXn (3.2)

where AlX3 is the halide salt, X is usually F , Cl, or Br and n < 3. AlXn is more

thermodynamically stable than AlX3 as the temperature increases. The AlXn mixture

di�uses in the vapour phase to the surface of the component to be coated, and reacts

with the nickel in the alloy, to form an intermetallic compound and the halide salt in

gaseous form, according to the following reaction:

3AlXn + (3− n)yNi→ (3− n)AlNiy + nAlX3 (3.3)

where AlNiy is the intermetallic compound and
1
3
≤ y ≤ 3. The produced activator,

AlX3, can di�use back to the aluminium source to continue the process.

The mechanism of formation and the microstructure of two major variants of alu-

minide coatings were modelled, for the �rst time, by Goward and Boone in 1971 [73].

Depending on the aluminium content in the pack and the processing temperature, the

formed intermetallic on Ni-base superalloys, AlNiy, is either β −NiAl or δ −Ni2Al3.
In the �rst case the aluminising process is termed as a low-activity process and the re-

sulting coating as outward di�usion coating ; in the second case the process is identi�ed

as a high-activity process and the coating as inward di�usion coating. The coatings

identi�cation name is linked to the predominant di�usion process that occurs in the

alloy during deposition; such a process can be either the inward di�usion of aluminium



26 Di�usion coatings for oxidation resistance

or the outward di�usion of nickel.

3.2.1.1 Outward di�usion coatings

When the Al activity in the pack is low and the process temperature is higher than

1000◦C, the di�usivity of Ni (DNi, as de�ned in [74]) in the alloy is greater than that

of the Al, consequently the Ni preferentially di�uses out from the substrate producing

an outward di�usion coating. The combination of the Ni with the Al results in the

formation of a β − NiAl intermetallic layer that builds up on the component surface.

Near the original interface, the alloy, depleted inNi, evolves from a γ+γ′ microstructure

into a β − NiAl phase. This compound has a very low solubility for the constituents

of the alloy which therefore precipitate out. The obtained outward di�usion coatings

are characterized by two zones: an external zone (EZ) and an internal zone, identi�ed

as an interdi�usion zone (IDZ). Both zones are β − NiAl but only the IDZ includes

the presence of second phase precipitates. Due to the di�erence in di�usion coe�cient

(DNi > DAl, as de�ned in [74]), outward di�usion coatings can present Kirkendall

porosity below the original interface. Figure 3.2 shows the typical microstructure of a

NiAl outward di�usion coating.

Figure 3.2: Schematic representation of the microstructure of a NiAl outward di�u-
sion coating (low activity process) [9]

3.2.1.2 Inward di�usion coatings

When the Al activity in the pack is high and the temperature is in the range 750−950◦C

the di�usion rate of Al (DAl) is greater than that of Ni, thus the Al di�uses inward and
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an inward di�usion coating is produced. As a direct consequence of DAl > DNi, the

original surface of the alloy becomes the external surface of the coating and Kirkendall

voids are not generated.

Depending on the Al activity, three di�erent types of microstructures and coating

compositions can be achieved (see the Ni-Al phase diagram in �gure 3.3):

Figure 3.3: nickel-Aluminum binary phase diagram [10]

1. if Al activity is very high: a δ −Ni2Al3 phase forms;

2. if Al activity is high: a two-layer structure forms with an outer layer of δ−Ni2Al3
phase and an inner layer of Al rich β −NiAl (Al content >50at%);

3. if Al activity is moderate: a β −NiAl phase forms with high Al content.

As a consequence of the inward growth, slow di�using constituents of the alloy such

as W , Mo, Ta, Re are trapped in the coating as precipitates and in solid solution in

the coating matrix. δ − Ni2Al3 is a brittle phase, therefore the component requires a

further heat treatment after aluminising in order to achieve an acceptable performing

coating. This additional step allows the Ni from the substrate to di�use outwards so

that the δ−Ni2Al3 phase is transformed into a less brittle Al rich β−NiAl (Al content
>50at%). Figure 3.4 illustrates the formation of a NiAl coating from a Ni2Al3 layer

by di�usion heat treatment.
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Figure 3.4: Inward di�usion coating: formation of a NiAl coating from a Ni2Al3 layer
by di�usion heat treatment [9]

3.2.2 Platinum-modi�ed aluminide coating

Aluminide coatings can be modi�ed by Pt addition to improve the coating hot corrosion

and oxidation resistance [75]. The �rst commercial Pt-modi�ed Aluminide coating

was identi�ed as LDC-2 [76]. The production method consisted of: depositing a Pt

layer by electroplating, typically between 6µm and 10µm thick, aluminising by pack

cementation and heat treating the blades to di�use the Pt and the Al into the surface.

The manufacturing method adopted nowadays has not changed signi�cantly; the main

di�erences lie into the possibility of adopting, for the Al deposition, not only pack

cementation, but all the aluminising methods described in section 3.1, and into splitting

the heat treatment into two steps. In fact, the components may receive a �rst di�usion

heat treatment after plating to improve the Pt layer adherence to the substrate alloy,

and to a second heat treatment after aluminising to achieve the required microstructure

and phase distribution in the coating.

Depending on the Pt layer thickness, the aluminising process parameters and the

consequent heat treatment, Pt-modi�ed aluminide coatings can have di�erent mi-

crostructures and compositions [77, 78]. The Pt enters the coating as a single-phase

solid solution β − (Pt,Ni)Al, as a single phase PtAl2, or as a two-phase PtAl2 and

β − (Pt,Ni)Al solid solution. A schematic representation of di�erent Pt-modi�ed alu-

minide coating microstructures is provided in �gure 3.5. The coating may include up to

four zones including the IDZ. The latter consists of a β− (Ni)Al matrix with elongated

Cr-rich α-phase and refractory element precipitates [79]. Table 3.1 reports the coating

designation of some commercially available Pt-modi�ed aluminide coatings.
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Figure 3.5: Schematic microstructures of di�erent Pt-modi�ed aluminide coatings,
adapted from [11]

Coating Manufacturer Composition Aluminising
designation process

RT22 Chromalloy High activity in pack
CN91 Chromalloy Low activity CVD

LDC 2E Howmet High activity in pack
MDC 150 Howmet High activity CVD
MDC150L Howmet Low activity CVD
PS 138 Turbine Metal Technology High activity in pack
SS82A Turbine Component Corp. High activity out-of-pack

Table 3.1: Commercially available Pt-modi�ed aluminide coatings
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3.2.3 Mechanisms of coating degradation in service

During service at high temperature, between 950◦C and 1250◦C, the compositional

di�erences between the coating and the substrate provide the driving force for various

elements interdi�usion and, consequently, for several microstructural changes [80, 81,

79, 82]. The EZ of the coating becomes depleted in Al due to its di�usion towards the

coating surface to form or replenish the Al2O3 scale. In the resulting hypostoichiometric

β − NiAl, Ni is the predominant di�usion specie therefore, it di�uses outwards from

the substrate causing the nucleation of γ′ − Ni3Al in the EZ. The Ni �ux depletes

the substrate below the IDZ in Ni and, in turn, results in the precipitation of the

Topologically Close-Packed (TCP) phases [83]. These precipitates are rich in refractory

elements, the solubility of which decreases in the alloy due to the Ni depletion. The

latter, plus the fact that the TCP phases incorporate very little Al, causes the matrix

around the precipitate to transform from γ+γ′ into β−NiAl. After long term oxidation,

more Ni di�uses from the substrate causing the β −NiAl phase to transform back to

γ′ −Ni3Al. As a consequence, the Ni depleted area extends deeper causing the TCP

phases to grow inward into the substrate. The TCP phases are brittle with a needle-like

morphology, the formation of which reduces the concentration of refractory elements

in the alloys. The loss in strengthening constituents results in the reduction of the

load-bearing cross section of the component, while the TCP precipitates, with their

large-angle grain boundaries, may contribute to the generation of fatigue cracks.

β −NiAl and β − (Ni, P t)Al coatings may undergo a reversible martensitic trans-

formation when they are cooled down from temperatures exceeding 1100◦C [84, 85].

The martensitic reaction occurs when the coating becomes rich in nickel due to Al de-

pletion to form the Alumina scale [84], or after Ni outward di�usion from the substrate

[86]. This transformation does not require di�usion and takes place by atom coordi-

nated displacement (a shear transformation): the high temperature phase, with body

centered structure, changes into a low temperature phase with face centered tetragonal

structure. The transformation occurs with an associated volume change of ~2% which

corresponds to linear strain of ~0.7% [85, 87]. This value is higher than the value of the

thermal expansion mismatch strain between the substrate and the coating generated

upon heating (~0.1%). The strain induced by the transformation is believed to be one

of the causes triggering bondcoat rumpling. This term is adopted to describe a phe-

nomenon a�ecting aluminide and overlay (MCrAlY ) coatings; it results in an increase

of coating surface roughness following thermal cycling [12, 88, 89] and eventually into
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TBC failure if the coating is used as bond coat. Figure 3.6 shows an example of coating

degradation by rumpling.

Figure 3.6: SEM micrographs showing degradation by rumpling of a Pt-modi�ed alu-
minide coating, cyclically tested in air at a temperature of 1200◦C (one-
hour cycles): (a) after 1 cycle; (b) after 10 cycles; (c) and (d) after 50
cycles [12].

3.3 Platinum-di�usion coatings

Platinum-di�usion coatings belong to the category of di�usion coatings but exhibit some

peculiar aspects which characterise them as a class of their own. In contrast to other

di�usion coatings, manufacturing of Pt-di�usion coating follows di�erent processes to

those described in section 3.1 and involves only the deposition of platinum either by

PVD or by electroplating, as detailed in the next paragraph, and heat treatment. The

enriching element, in this case platinum, is not an oxide scale former and does not mod-

ify the γ+ γ′ microstructure of the Ni base substrate. The Ni base superalloys exhibit

high creep strength, therefore a coating based on an equivalent structure is expected to

be resistant to creep-induced rumpling. Moreover, the similarity of the microstructure

between substrate and coating makes the latter less prone to microstructural changes

due to elements interdi�usion.

A coating based on a γ + γ′ structure was patented by Rickerby et al. in 1999

[90, 91, 92, 93, 94]. It consists of a Pt enrichment of the alloy and it is produced
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by depositing a 8 − 10µm thick layer of Pt by electroplating, or PVD, followed by

a di�usion heat treatment in vacuum or inert atmosphere at a temperature between

1100◦C and 1200◦C. The bene�cial e�ect of the Pt additions to coatings have been

investigated by Gleeson's research group [93, 95, 96, 97, 98]. Studies conducted on

γ − Ni and γ′ − Ni3Al single phase alloys show that the Pt addition promotes the

establishment of a continuous Al2O3 scale by suppressing the Ni oxide growth in both

alloys [97]. In case of the γ′ alloy, this can be linked to the strong preference that the

Pt atoms have for the Ni sites in the Ni3Al crystal lattice; which results in an Al

enrichment of the γ′ surface and, in turn, in the preferential formation of Al2O3 over

NiO [99]. Moreover, when added to the coating in a percentage higher than 15at%,

Pt increases the Al supply to the Alumina scale. The presence of Pt decreases the Al

activity in the coating, thus generating an activity gradient between the substrate and

the coating itself; consequently an uphill di�usion of Al occurs from the substrate to the

coating and, eventually, to the alumina scale [96, 100, 101]. Studies conducted on TBC

systems with γ + γ′ bond coat showed that the Pt can inhibit, although not eliminate,

the segregation of S, C, and refractory elements at the TGO/bond coat interface and

therefore extend the TBC system lifetime [102].

3.4 Physical Vapour Deposition

The term Physical Vapor Deposition or PVD refers to a variety of methods for the

deposition of thin �lms on various surfaces involving only physical processes. Generally

speaking, the PVD techniques allow the deposition of several types of materials ranging

from metals to ceramics, from intermetallics to some polymers. For their versatility the

PVD processes �nd application in tool coating and microelectronic industries (e.g. de-

position on semiconductor wafers), as well as for the production of optic and decorative

�lms. In the context of this thesis, PVD processes are particularly relevant in that

they are used for the production of Pt-di�usion coatings (see section 3.3) and in the

modi�cation of aluminide coatings via the addition of platinum (see section 3.2.2).

A PVD process is carried out in a vacuum chamber, where the source material and

the substrate to be coated are held, and follows four main steps [103]:

1. synthesis of the coating vapour;

2. transport of the vaporized material to the substrate;
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3. adsorption of the atoms onto the substrate surface;

4. �lm nucleation and growth.

The synthesis of the coating material involves a phase change of the source material

from a solid/liquid state to the vapour state. The vapour di�uses across the coating

chamber to reach the substrate surface; here, the atoms are either bounced o� or

adsorbed. In the latter case, atoms are identi�ed as adatoms, and they move on and

across the substrate surface by surface di�usion to seek low energy sites where they

become attached to the surface allowing the formation of nuclei. These are identi�ed

as quasi-stable islands of deposited material. The atoms that reach the surface next can

either contribute to the growth of the primary formed nuclei, or allow the formation of

new ones. In a later stage of deposition the islands coalesce into a continuous �lm.

The major advantages of adopting PVD processes instead of other �lm deposition

techniques such as electroplating, CVD or plasma spray consist of [104]:

� �exibility in the composition of the deposit;

� ability to manufacture deposits with unusual microstructures and crystallographic

properties;

� possibility to vary the temperature of the substrate over a very wide range;

� very high purity of deposit;

� excellent control of the �lm thickness down to the nanometric scale;

� excellent surface �nish which can be equal to that of the substrate.

The main limitation of this technique comes from it being a line of sight process; this

prevents its use in those cases where the substrate has complex geometry or internal

passages, which would remain uncoated due to the shadowing e�ects occurring during

deposition.

All PVD methods can be classi�ed into three main categories: evaporation, sput-

tering and ion plating techniques [105].

3.4.1 Evaporation

In evaporation processes, the material to be deposited is placed in a crucible that can

be either made of a refractory metal (such as Mo, W , or Ta) or of a metal coated



34 Di�usion coatings for oxidation resistance

with alumina. The crucible is heated to melt the evaporant, thus creating the atomic

vapour. A variety of heating systems can be adopted for this purpose, such as electric

resistance, radiation, induction, etc. The use of electron beams as a heating source

allows evaporation of high melting point materials (like ceramics) while achieving high

deposition rates [104, 106]. Modern electron beam coaters can reach a deposition rate

of 75 µm
min

. A detailed description of a PVD process where an electron beam is adopted

as a heating source in given in section 4.3.1, when discussing the deposition of Thermal

Barrier Coatings.

3.4.2 Sputtering

In sputtering processes the coating material is originated, in the form of atoms, from

a target1. Atom emission is caused by the bombardment of the target by high energy

particles. Figure 3.7 shows a schematic representation of a typical sputtering equipment.

Figure 3.7: Schematic representation of a planar diode sputtering process

The working principle is relatively simple: the sputtering unit consists of a chamber,

evacuated to low pressure, which is equipped with inlet/outlet gas valves and contains

the target and a holder locating the substrate to be coated. The working gas is a

heavy and inert gas, typically Argon, which is introduced in the sputtering chamber

and ionised to form a plasma, namely a collection of neutral atoms, electrons and ions.

A power supply is connected to the target and substrate in such a way that the former

acts as a cathode relatively to the grounded substrate. Such a setup accelerates the

gas ions (Ar+) towards the negatively charged target, so that they impinge its surface

with high energy, transferring their large momentum. This energy transfer may cause

di�erent phenomena:

1In this context target is the source of the coating material
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� direct ejection of the impacted atom from the target surface;

� a cascade e�ect in which a series of collisions between atoms in the �rst few atomic

layers of the material lattice is initiated, which eventually leads to the ejection of

another atom, other than the impacted one;

� ion implantation;

� ion re�ection;

� emission of a secondary electron.

Only the �rst two events lead to proper sputtering of the target material, while the

others are ine�ective in this respect. Ion implantation or re�ection can occur with or

without neutralisation, with loss of kinetic energy. The emission of a secondary electron

is the result of an impact causing extraction of an electron from an external orbital of

a surface atom. Only ~1% of the impact energy produces ejected atoms, while ~75% is

dissipated as heat and the remaining portion generates secondary electron emission [7].

The sputtering process e�ciency is measured as sputtering yield, de�ned as the number

of target particles ejected per incident particle of plasma. The yield depends on the

source material, the impact angle of the particles, and the nature of the target surface,

while it is independent of the charge of the impacting particles [107]. The sputtering

rate according to Thornton [107] is given by:

R = 6.23IS
M

ρ
(3.4)

where R is expressed in nm
min

, I is the ion current in mA
cm2 , S is the sputtering yield

as atoms ejected per ion, M is the atomic weight of the target in grams, and ρ is the

density of the sputtered material in g
cm3 . Equation 3.4 highlights that R increases with

ion current and with materials characterized by higher M
ρ
ratio.

Several variants of the sputtering method have been developed to increase the sput-

tering yield or to address special requirements, such as the sputtering of non-conductive

materials. The sputtering process most widely used is the Direct Current (DC) planar

diode setup (illustrated in �gure 3.7). In this con�guration the target and the substrate

are held parallel to each other at a distance between 5 and 10 cm. The working chamber

is evacuated to a pressure between 10−5 and 10−7 Torr and back�lled with Argon at a

pressure between 10−1 and 2∗10−2 Torr. During the process, a DC power supply keeps
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the target at a high negative bias (~−3kV ), while the chamber and the substrate are

earthed. This process can achieve only extremely low deposition rates, in the region of

40 nm
min

for a cathode bias of −3kV and an Argon pressure of 75mTorr [107]. A higher

deposition rate, at a given voltage, can be achieved by increasing the gas pressure, which

translates in a higher number of impacting ions. It should be noted, nevertheless, that

too high pressure may reduce the deposition rate because of scattering e�ects in the

gas.

An alternative and more e�ective way to enhance the deposition rate is based on the

use of the magnetron sputtering method, which adopts a magnetic �eld, generated by a

permanent magnet placed under the target, to increase the ionisation e�ciency of the

electrons. Deposition rates in this case can reach 1 µm
min

, even at relatively low working

pressures. The magnetic �eld combined with the electric �eld between the cathode and

anode traps the electrons in a coil path around the magnetic �eld lines as illustrated in

�gure 3.8. In this way, the path length of each electron is signi�cantly increased: it has

Figure 3.8: Schematic of planar magnetron sputtering, showing the principle of trap-
ping electrons to increase ionisation e�ciency [13]

to travel along a helical path even for covering short linear distances. This results in a

longer permanence of the electron in the gas and, in turn, in an increased possibility to

ionise the Argon gas by inelastic collision:

Ar + e− → Ar+ + 2e−
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The main disadvantage of this technique is a heterogeneous erosion of the target, if

planar magnetrons are adopted. The electrons, trapped in a ring of plasma, concentrate

target consumption along an erosion track, limiting the life span of the target and

leaving most of its bulk material unused.

3.4.3 Ion plating

The ion plating process can be seen as a combination of evaporation and sputtering

techniques. The metal is still evaporated but, as in the sputtering method, the vapour

is ionised by a plasma. The main advantage of this technique is the good adhesion

of the deposit obtainable at low substrate temperature. The evapourants ions, in fact,

bombard the substrate surface with such a high energy that the ions themselves implant

into the substrate.



Chapter 4

Thermal Barrier Coating

Thermal Barrier Coatings (TBCs) are a class of ceramic coatings which provides thermal

insulation for the coated component, allowing a high thermal gradient to be subtended

across the coating thickness, and in turn lowering the metal surface temperature. This

results in an enhancement of the thermal fatigue and creep capability of the coated

component without sacri�cing the performance of the turbine. Although TBC do not

provide signi�cant reduction in oxygen physically transported to the substrate, the

lower temperature in the metal substrate can lead to a reduction in the damage due to

oxidation and hot corrosion.

4.1 Ceramic top coat: material requirements

The material selection for Thermal Barrier Coating applications is restricted by some

basic requirements: high melting point, no phase transformation between room tem-

perature and component operation temperature, low thermal conductivity, chemical

inertness, a thermal expansion coe�cient close to that of the metal substrate, good

adherence to the metallic substrate and low sintering rate of the porous microstructure

[108]. The physical properties of zirconia (ZrO2) make it ideal for TBC applications.

This oxide has a very low thermal conductivity (one and half orders of magnitude lower

than that of a typical superalloy, such as MAR M 247) [109, 110], high melting point,

inertness and a relatively high coe�cient of thermal expansion. However, zirconia un-

dergoes a polymorphic phase transformation when cooled from high temperature. The

pure oxide, in fact, can exist in three crystal forms, a cubic structure stable at the high-

est temperatures, between the melting point (2710◦C) and 2369◦C [111], a tetragonal

38
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form stable at intermediate temperatures (2369◦C to 1114◦C) [14] and a monoclinic

form stable at lower temperatures. The tetragonal�monoclinic transformation (t�m)

is a martensitic phase transformation and occurs with a large volume expansion, of

about 3-5% [112], which compromises the mechanical integrity of the coating. The

t�m transformation can be suppressed by total stabilisation of the zirconia in the cu-

bic form, in a material called Fully Stabilized Zirconia (FSZ), although the most useful

mechanical properties are obtained in a non-equilibrium tetragonal phased material

known as Partially Stabilized Zirconia (PSZ) [113].

4.2 Stabilized zirconia alloys

Various divalent (e.g. Ca2+, Mg2+), trivalent (e.g. Y 3+, Sc3+, Ln3+)1 or tetravalent

(e.g. Ce4+) oxides of cubic symmetry can be added to zirconia to stabilize its high

temperature phase, inhibiting the t�m phase transformation and the related volume

change [114, 115]. Of these stabilizers, yttria (Y2O3) is the most widely used; it has a

vapour pressure very similar to that of zirconia [116] which is an advantage when the

TBC are manufactured by vapour deposition.

Yttria additions between 7wt% and 20wt% lead to Yttria Partially Stabilized Zirco-

nia (Y-PSZ) while additions higher than 20wt% lead to Yttria Fully Stabilized Zirconia

(Y-FSZ). The fully stabilized material has, at room temperature, a 30% lower ther-

mal conductivity than the partially stabilized material [117]. Moreover, at temperature

above ∼ 1000◦C, it occurs as an equilibrium single cubic phase which is kinetically con-

strained from transforming at lower temperatures. Despite these advantages, nowadays

the 8wt% yttria PSZ, have become the industrial standard to reduce the heat �ux into

hot-path components within gas turbine engines [118, 119]. Durability studies, in fact,

revealed that the Y-PSZ has a cyclic life much longer than the `stable' cubic coatings

[120, 121].

Figure 4.1 shows the phase diagram of the ZrO2 − Y O1.5 system. The continuous

lines indicate the boundaries of the equilibrium phases, while the discontinuous lines

indicate the non-equilibrium phase transformations. The standard composition for Y-

PSZ is indicated as composition 12. Y-PSZ consists of a metastable tetragonal solid

solution, known as t', which can be thermally cycled without undergoing the disruptive

t�m transformation. Although t' is a non-equilibrium phase, the alloy retains its

1Ln= Lanthanide group metals
2ZrO2+6− 8wt% Y2O3 corresponds to ZrO2 + 7.6± 1mol%Y O1.5



40 Thermal Barrier Coating

state, without transforming into a tetragonal+cubic (t+c) assemblage, and without

precipitating yttria from the solution for extended periods of exposure at temperature

up to 1200◦C [115, 122, 123, 124].

Figure 4.1: Phase diagram of Zr2O3−Y O1.5 system adapted from Yashima et al. [14]

4.3 Ceramic coating manufacture

Thermal barrier coatings can be manufactured by di�erent processes, such as Electron

Beam Physical Vapour Deposition (EB-PVD) or Air Plasma Spray [125, 126]. Di�erent

techniques result in signi�cantly di�erent physical properties and microstructures of

the coating [92, 127, 128]. Although more costly than Air Plasma Spray, EB-PVD

is the preferred method for high pressure turbine blades, where a good surface �nish

is paramount and excellent strain compliance and adhesion are required. Only the

EB-PVD process and resulting coating microstructure will be covered here in detail.
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Figure 4.2: TBC microstructure: a) Columnar microstructure of a ceramic top coat
manufactured by EB-PVD [15] b) Lamellar microstructure of a ceramic
top coat manufactured by air plasma spray [16]

4.3.1 Basic principle of EB-PVD process

The �rst application of an Electron Beam (EB) heating source for material evaporation

under vacuum is dated in the 1930s. In the 1960s high power EB guns were used to

develop equipment for high speed evaporation of metallic substances under vacuum. In

the 1980s, a modi�cation of such technology allowed the introduction of a new class

of protective coatings for gas turbines, known as the Electron Beam Physical Vapour

Deposition Thermal Barrier Coating (EB-PVD TBC) [129].

Figure 4.3 shows a schematic representation of an EB-PVD process. In the deposi-

tion chamber, the electron beam hits the surface of a sintered Y-PSZ ingot to generate

a melt pool under vacuum. In industrial setups the substrates are positioned above the

melt only after being preheated at a suitable temperature. The �ux of vapour from the

pool impinges onto the substrates where it condenses to form the coating. The EB-

PVD is a line of sight process, thus, in order to guarantee the coating uniformity, the

substrate rotates in the vapour cloud. During evaporation the ingot is bottom fed into

the crucibles to ensure continuous coating growth. Oxygen is also bled into the Y-PSZ

vapour cloud to minimize any deviations from stoichiometry during coating deposition.

This is required since ZrO2 becomes somewhat oxygen de�cient as a result of partial

dissociation during evaporation in a vacuum [28]. A typical thickness for an EB-PVD

TBC is between 125µm and 250µm.
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Figure 4.3: Schematic representation of an EB-PVD process; the whole assembly is
under vacuum. A magnetic �eld is adopted to bend the path of the gen-
erated electron beam in order for it to focus on the source material [2]

4.3.2 EB-PVD TBC microstructure

The EB-PVD TBC microstructure is characterized by a thin region of polycrystalline

Y-PSZ with equiaxed grains (size ≤50nm) at and near the metal/ceramic interface,

and by columnar Y-PSZ grains (5 − 10µm diameter at the column tops) growing out

of the equiaxed grain region to the top coat surface (�gure 4.2a) [130, 131]. During

deposition, three di�erent scales of porosity are introduced in the coating, as illustrated

in �gure 4.4.

1. The largest scale of porosity, Type A in �gure 4.4, consists of the intercolumnar

gaps (∼ 125nm), perpendicular to the metal/ceramic interface, separating the

columnar grains. Each of these columns exhibit a featherlike structure, which is

the result of shadowing, by growth steps, on the column tips near the centre of

the column.

2. The second scale of porosity, Type B in �gure 4.4, is incorporated within the feath-

erlike structures, and it appears as the segmentation that de�nes the `branches'

of the feather. Such `branches' can be visualized as microcolumns aligned at ap-

proximately 50◦ towards the main column axis. This type of porosity (5− 20nm

across) extends inward for about 200−250nm and then evolves into discrete pores,

typically of high aspect ratio, still aligned along the `branches' plane.
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Figure 4.4: Schematic of the TBC pores morphologies and spatial arrangements [17]

3. The last scale of porosity, Type C in �gure 4.4, consists of randomly distributed

nanoscale spherical pores, more evident near the core of the columns [17, 131, 116].

These pores are generally 20nm wide and are the consequence of the substrate

rotation during deposition.

The growth morphologies and kinetics of the zirconia columns are strongly in�uenced

by the deposition process parameters, the variation of which results in the production of

coatings with di�erent degrees of packing and interaction between columns. The e�ect

of temperature on a PVD layer morphology was investigated for the �rst time in 1969

by Movchan and Demchishin [18]. They found a clear dependency of the structure

of the deposited �lm on the T/Tm ratio, where T is the substrate temperature and

Tm the coating material melting point in K (�gure 4.5). Two critical values of such

ratio were identi�ed: 0.3 and 0.5; each of them constituting the boundary between two

di�erent types of coating structures, or Zones, according to their model. Therefore,

three di�erent morphologies could be formed, depending on the T/Tm ratio:

The Zone 1 type of structure is formed when 0 < T/Tm < 0.3. At this low tempera-

ture, the coating growth is controlled by the transport of the vapourised material to the

substrate; the adatoms in fact have insu�cient energy to di�use across the substrate

surface very far. Due to their low mobility, the adatoms are unable to overcome the

shadowing e�ect produced by existing grains on the inter-grains areas. This results in
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Figure 4.5: Movchan et al. structure zone model; T : substrate temperature, Tm:
coating material melting point in K [18]

a porous structure consisting of tapered crystallites, with domelike tops, separated by

voids. The diameter of the crystallites increases with the coating thickness and with the

value of T/Tm ratio. Usually these �lms carry residual tensile stress after deposition.

The Zone 2 type of structure is formed when 0.3 < T/Tm < 0.5. At intermediate

temperatures, due to the high thermal energy, the structure growth is controlled by the

surface di�usion of adatoms. The result is a structure with faceted columnar grains

with dense interfaces.

The Zone 3 type of structure is formed when 0.5 < T/Tm < 1. At such high

temperature, the thermal energy available to the adatoms allows bulk di�usion that,

in turn, controls the structure. This is characterized by equiaxed grains with a smooth

surface.

In 1974, Thornton modi�ed the Movchan and Demchishin model adding the e�ect

of the chamber pressure, or Argon pressure, on the �lm microstructure (�gure 4.6) [19].

The resulting model included a fourth zone, Zone T, de�ned as a transition structure

between the Zone 1 and Zone 2 types of structure. Zone T is characterized by densely

packed �brous grains; �lms with such a structure exhibit high compressive internal

stress.

Rigney et al. investigated the combined e�ect on the EB-PVD TBC microstructure

of substrate rotation rate and temperature [21], while Kaysser et al. examined the

e�ect of vapour incidence angle [20]. Substrate temperature and rotational speed are

process parameters that, within certain limits, a�ect the same microstructural TBC

features (�gure 4.7). At low temperature and low rotational speed columns often vary
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Figure 4.6: Model proposed by Thornton for sputtered metal coatings [19]

Figure 4.7: Schematic representation of the in�uence of rotational speed and absolute
substrate temperature (expressed as a fraction of zirconia melting point
Tm) on columnar microstructure evolution of EB-PVD TBCs [20].
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in diameter from root to top or from one column to the other. Columns at the root

section are much thinner than at the top and they are enlarging conically from root

to top. Increasing both temperature and rotational speed improves the regularity and

parallelism of the microstructure and enlarge the column diameter; this microstructure

results in coatings with higher density and higher hardness than the previous one [20].

A rotational speed reduction, whilst keeping the deposition temperature constant, fa-

cilitates the formation of the so called bent or C-shaped structure in the columns. Such

feature can be clearly observed (by scanning electron microscopy) cross sectioning a

TBC perpendicularly to the rotation axis (�gure 4.8).

Figure 4.8: SEM of the structure of zirconia columns taken in cross section in the
plane perpendicular to the axis of rotation [21]

The C-shaped structure is due to the continuous change, during each revolution,

both of the vapour impact angle and of the amount of vapour particles that adhere

on the sample surface. These variations would be less evident at higher rotational

speed. In a C-shaped coating the curved section is periodic through the thickness of

the deposited material with a period equal to one revolution of the substrate in the

coater. On the other hand, by sectioning the same sample along the direction parallel

to the rotation axis (as illustrated in �gure 4.9), only a little curvature in the grains

of the columns would be observed. This is due to the fact that, in this direction, the

angle variation between the substrate surface and the centre of the melt pool during

rotation is much smaller than in the previous case [22].
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Figure 4.9: Schematic drawing of the rotation stage over the melt pool in the EB-PVD
coater [22]

4.4 Thermally Grown Oxide

During the Y-PSZ deposition by EB-PVD process, a gas blend rich in oxygen (�ux

composition 10%Ar-90%O2) is introduced in the working chamber to maintain the ZrO2

stoichiometry. The resulting oxidising environment is su�cient to allow the oxidation

of the bond coat during the pre-heating stage of the TBC deposition process. A layer

of oxide scale, typically alumina, is then formed at the metallic/ceramic interface; such

layer is usually known as a Thermally Grown Oxide (TGO).

The TGO continues to grow during operating conditions in gas turbine engines

[132]; the interconnected porosity that always exists in the top coat allows easy ingress

of oxygen from the engine environment to the bond coat. It should be pointed out

that, even if the top coat was fully dense, the oxygen would still have an easy access:

the extremely high ionic di�usivity of oxygen in the ZrO2-base top coats (10−11 m2

s
at

1000◦C) [127] renders them essentially `oxygen transparent'.

The TGO growth is generally controlled by the inward di�usion of the oxygen

through the TGO into the bond coat. Only in some cases it is controlled by the

outward di�usion of Al, which leads to the formation of new TGO at the TGO/top

coat interface or at the α− Al2O3 grain boundaries within the TGO [132].

Schulz et al. studied the kinetics of the TGO growth on a NiCoCrAlY coating on

di�erent substrates tested under cycling oxidation. The growth rate of the TGO can

be expressed by the equation:

dn = k′pt (4.1)

where d is the thickness of the TGO, t the time at temperature of test, k′p the growth
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constant and n the exponent. The experimental work showed that the TGO thickness

follows nearly the same growth kinetics regardless of the substrate alloy. Moreover, the

classical parabolic law [39], with n = 2 and k′p = 1.5 ∗ 10−17m
2

s
, works well only for

short duration tests, while a reasonable agreement with experimental data is obtained

with values n = 3.33 and k′p = 2 ∗ 10−16m
3.33

s
for longer duration tests [44].

TGO growth has to be carefully controlled: the interfacial alumina is designed to act

as an oxygen di�usion barrier that retards further bond coat oxidation. Any unwanted

excessive TGO growth would cause volumetric expansion which would eventually dis-

rupt by spallation the overlying ZrO2 layer (see section 4.5.3). The amount of oxidation

depends on the time spent at high temperatures. It has been shown that spallation oc-

curs when the oxide at the interface reaches a critical thickness of about 4− 6µm [133].

This means that the ideal bond coat is engineered to ensure that the TGO forms as

highly adherent α − Al2O3 with a slow, uniform, and defect free growth. The TGO

plays an important role for TBCs performance: failure in TBCs is almost always initi-

ated at or near the TGO, mostly between the TGO and the bond coat. Although TBC

spallation cannot be correlated simply to the TGO thickness [44], control of the growth

rate of this oxide should allow an increase in the life of the system.

4.5 TBC system degradation mechanisms

In service, the TBC systems are a�ected by several degradation modes: they all a�ect

the system performance but only few of them are life limiting. Failure of a TBC system

occurs when a signi�cant part (generally indicated as a percentage of the total coated

area) of the ceramic coating is lost. This phenomenon, named as TBC spallation, results

in the exposure of the underlaying component to the hot-gas environment. Without

its thermal protection, the exposed metal rapidly deteriorates, eventually causing the

failure of the component. The individual failure modes are treated in the following

paragraphs.

4.5.1 Erosion

During the operations of takeo� and landing the gas turbine engines of an aircraft are

exposed to sand and debris ingestion. These solid particulates, together with hard

carbon (particles that may be produced in the combustor), are trapped within the gas

�ow and are likely to hit engine components when the gas passes through the engine.
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The impact of this �ne particulate causes gradual material removal from the impacted

component. This erosion process results in the deterioration of the surface �nish which

is accompanied by a change in blade geometry [134] and thus in aerodynamic e�ciency

loss. Moreover, it causes a local reduction of the ceramic thickness which may lead to

a local increase of the heat transfer to the component and of the bond coat oxidation

rate. EB-PVD TBC erosion depends on the temperature, the velocity, the impingement

angle and the size of the impacting material relative to the columns diameter [133, 135,

136, 137, 138]. The interaction of these factors generates three di�erent erosion modes:

� Mode I erosion occurs both at room and high temperature when the impacting

particles are small (< 100µm). It results in crack initiation at the elastic/plastic

interface due to the impact on individual columns.

� Mode II erosion is characterized by the absence of near surface cracking or gross

plastic deformation and by the densi�cation of the individual columns. This mode

was observed for larger particles and intermediate velocity both at room and high

temperature.

� Mode III erosion or Foreign Object Damage (FOD) occurs when a limited number

of large particles impinge on the ceramic coating at low velocity. This erosion

mode causes the highest degree of damage with an extensive compression and

ceramic densi�cation. Moreover, outside the TBC compacted area, cracks form

and extend to run parallel to the TGO [139].

4.5.2 Calcium-Magnesium-Alumino-Silicate (CMAS) attack

The ingestion of sand, dust and ashes causes ceramic erosion and FOD damage at

temperatures below 1100◦C, while inducing ceramic �uxing above 1200◦C. At this

temperature CMAS compounds contained in the ingested debris melt and in�ltrate the

ceramic layer, and may penetrate down to the TGO layer causing chemical attack to

the TBC (�gure 4.10). Aluminosilicate compounds attack the TBC grain boundaries

leaching yttria out of the zirconia which leads to the detrimental tetragonal/monoclinic

transformation into the coating. Moreover, during the engine cool down phase the melt

re-solidi�es, leading to the introduction of large stresses in the coating which can result

in TBC delamination [140, 141].



50 Thermal Barrier Coating

Figure 4.10: Cross-section SEM images of a TBC after exposure to CMAS at 1300◦C
for 4 hours. a) severe attack at the outer TBC surface; b) attack at the
TBC/bond coat interface [23]

4.5.3 Bond coat oxidation

Another source of TBC damage are the changes within the TGO both during the initial

scale formation and later due to aluminium depletion in the bond coat. The bond coat

composition is tailored to form a continuous layer of α−Al2O3 which is the most stable

and slow growing form of alumina out of the several existing aluminium oxide phases.

Although the formation of a pure α − Al2O3 layer is desirable, meta-stable alumina

phases such as δ, γ or θ are formed in the initial stage of oxidation between 800◦C and

1000◦C. The formation of these transient alumina is proposed to be, with increase in

temperature [142, 143, 144]:

γ − Al2O3
800◦C

−−→δ − Al2O3
900◦C

−−→θ − Al2O3
1000◦C

−−−→α− Al2O3

Transitional alumina phases have a detrimental e�ect on the TBC system life. They

do not form an e�cient di�usion barrier, hence their presence leads to a greater oxida-

tion rate which, in the case of θ−Al2O3, is two order of magnitude greater than that of

α−Al2O3 [145]. Moreover, transient aluminas have lower density than α−Al2O3 thus

the phase transformation from θ to α−Al2O3 is associated to a 10% volume shrinkage.
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The localised volume reduction allows residual stresses to be built in the TGO which

eventually may cause TBC spallation.

In service, the continuous oxidation and growth of the TGO results in the aluminium

depletion of the bond coat. When the aluminium activity in the alloy adjacent to the

oxide scale drops below the critical value required to form a continuous layer of Al2O3,

oxides of other alloying constituents start forming. The oxide scale degenerates into a

mixture of NiO and NiAl2O4 spinel resulting from the combination of NiO and Al2O3.

In comparison with alumina, these oxides are characterized by a lower bond strength

with both the TBC and the bond coat which lead to TBC failure by delamination.

4.5.4 Residual stress

The durability of EB-PVD TBC systems is strongly in�uenced by the residual stress

built in the ceramic layer and in the TGO. Moreover, the di�erence in level of stress

between the TBC and the oxide scale control the failure onset and mechanism. EB-

PVD TBCs tend to fail at the TGO/bond coat interface; this failure path is due to

a signi�cantly higher stress value measured within the TGO in comparison to that

measured within the ceramic layer [146].

4.5.4.1 Stress within the TGO

The TGO exhibits, at room temperature, an in-plane compressive stress with a magni-

tude between 2.4GPa and 5GPa [88, 147, 148]. This stress has two main contributing

components:

� the stress resulting from the thermal mismatch between the bond coat and the

oxide scale;

� the stress related to TGO growth.

The TBC system can be assumed to be stress free at high temperature. On cooling

to room temperature, a residual stress arises due to the mismatch in the coe�cient of

thermal expansion (CTE) between the alumina and the metallic bond coat. The contri-

bution of this component to the total residual stress in the TGO has been estimated by

Christensen et al. to be ∼ 3.5GPa in compression, for a system consisting of alumina

on Ni3Al [149].

The exposure to an oxidising environment results in the oxidation of the bond coat.

A residual stress arises from the volume increment related to the conversion of a high
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density intermetallic to a low density oxide. The compressive stress associated with

the TGO growth has been estimated by Cannon et al. to be ∼ 3GPa [150]. This

value is signi�cantly higher than the typical value of approximately 1GPa determined

by subtracting the calculated thermal mismatch stress from the value of total residual

stress determined experimentally. Such a discrepancy may be due to either a theoretical

overestimation or to a partial stress relaxation within the TGO. The stress, in fact,

exceeds the TGO creep strength, thus part of the stress may be relieved through plastic

deformation of the TGO [151].

4.5.4.2 Stress within the TBC

The residual stress within the ceramic layer depends on the manufacturing conditions.

Jordan and Faber measured the residual stress of an EB-PVD TBC deposited on plat-

inum aluminide bond coat reporting a value between 270± 9 and 304± 15MPa in the

as-deposited conditions [152]. Upon thermal cycling, these values decrease, hence the

stress in the TBC is always signi�cantly lower than that measured in the TGO, and it

is unlikely to be the sole cause of TBC failure[151].
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Life data analysis

The reliability of a system or a component is de�ned as its ability to perform the required

functions, without failure, under stated conditions for a speci�ed period of time [153].

Each product is required to have a known level of reliability; a failure before the mission

duration can have varying e�ects, ranging from catastrophic consequences, such as an

aircraft accident, to minor inconvenience, such as the failure of a washing machine.

From a manufacturer point of view both types of failures have to be avoided; the �rst

one because it causes loss of life and property, the second one because it causes customer

dissatisfaction that in turn can have disastrous �nancial e�ects on the manufacturer.

As a consequence, in today's highly competitive environment, a company can succeed

only if it knows the reliability of its products and it is able to control it. Ideally,

the reliability of a product should coincide with its designed life, in fact, producing a

product that operates much past its intended life would impose additional costs on the

manufacturer.

Reliability engineering is the branch of engineering that studies the reliability of a

population of products by performing life data analysis ; this allows to estimate the life

characteristics of the entire population based on the life data or lifetime of a sample from

the same population. In the context of this thesis life data analysis is important because

it constitutes a fundamental tool for investigating the in�uence of the manufacturing

conditions on the lifetime of the TBC systems. In fact, by providing the means for

modelling the behaviour of the coatings, life data analysis allows to predict the e�ects

that variations in the deposition procedure will have on the reliability of the coatings

when in service. The possibility of modelling the life of the turbine blades and of

validating the accuracy of such models has obvious bene�ts on the maintenance schedule

53
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(and costs) of the jet engine in real life applications. Given the relevance of this topic, its

presentation in this chapter is important but it is limited to relevant methods for TBC

system lifetime assessment. A thorough review of all possible methods and techniques

for modelling experimental data sets and/or validating the models falls outside the

remits of this study. The author has purposely avoided discussing all the limitations

of the presented methods when not directly relevant to the analysis conducted in this

thesis.

5.1 Methodology

Lifetime is de�ned as the time a component or a system operates before failure; for

example it can be measured in hours, miles, cycles-to-failure. The life data analysis of

a population of products consists in four main steps [154]:

1. Collecting the life data;

2. Selecting a statistical distribution that can �t the data and model the life of the

products;

3. Estimating the parameters of the distribution;

4. Generating predictive plots and results.

The lifetimes are collected by testing, under operative conditions or simulated operative

conditions, a sample of units from a population of products. The statistical distribution

chosen to model the data consists of a mathematic parametric function called probability

density function (pdf). The estimate of the parameters allows the distribution to �t

the data. The pdf plot can then be used to determine the life characteristics of the

entire population of products, such as reliability or probability of failure at a speci�c

time, mean life, B(X)life1 and failure rate.

1B(X)life is de�ned as the estimated time when the probability of failure will reach a speci�ed point
(X%). For example, if the B(10)life of a population of products is 2 years, it means that 10% of the
population is expected to fail by 2 years of operation; in the same way this means that, after 2 years
of operation, is estimated that 90% of the population is still working, therefore B(10)life is equivalent
to 90% reliability.
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5.2 Collecting the life data

Life data analysis consists of analysing the lifetime of a sample of units, from a popula-

tion of products, in order to estimate the life characteristics of the entire population. To

make a good prediction, the life data need to be collected following testing of the units

under operative conditions; however, in many cases such data are either not available

or very di�cult to obtain. Most products in fact are expected to have a very long life

and often there is not enough time, between the design stage and the release of the

product on the market, to collect the data. In order to overcome such di�culties, the

reliability engineers design alternative testing methods that, on the one hand accelerate

the failure of the tested product, and on the other allow to obtain information or even to

quantify the life characteristics of the product under normal use conditions [155]. Such

methods, identi�ed as accelerated life testing, can be divided into two main categories:

qualitative accelerated life testing and quantitative accelerated life testing.

Qualitative accelerated tests have the only purpose of identifying the failure modes

that will occur during the use of the product under operative conditions. During the

test, samples are subjected to di�erent type/level of stress such as: a single severe

stress, a combination of di�erent stresses or a cyclic stress. The sample passes the test

if it does not fail. The sample failure provides useful information about the probable

failure mode and the types and level of stresses which need to be employed during the

subsequent quantitative accelerated test.

Quantitative accelerated life tests are designed to estimate the life characteristic

of the product under normal use conditions. Quantitative accelerated life testing can

take the form of usage rate acceleration or overstress acceleration. The usage rate

acceleration test is applied to products that under normal condition do not operate

continuously. In this case it is su�cient to operate the tested unit continuously in order

to accelerate the failure. Data obtained through usage rate acceleration can be analyzed

with the same methods used to analyze regular life data. The overstress acceleration

test is applied when the tested product normally has a very high or continuous usage.

In this case the product is forced to fail by applying a stress, or a combination of

stresses, that exceed the level of stress that the product will encounter under normal

use conditions [156]. The obtained overstress life data are then adopted to extrapolate

the life data relative to normal use conditions. The main risk involved in the adoption

of this mode accelerated life test, is linked to the possibility of choosing stress levels

which introduce failure modes that would otherwise never occur under normal use
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conditions. To mitigate this issue, while both the type and the level of stress are

chosen to fall outside the product speci�cation limits, they will be selected to guarantee

that the product is still operating within its design limits [156]. In this study, the

accelerated stress is generated through the thermal cyclic testing of the TBC systems

at higher temperatures than those normally expected in service; however, temperatures

are selected in order not to trigger any failure mechanism not observed in service.

5.2.1 Types of data

The life data collected during an accelerated test can be divided in two main categories:

� complete data,

� censored data.

A set of data is de�ned complete if the life data relative to each tested unit is observed

or known. If the set contains uncertain data, for example the exact failure time for the

units is unknown, the set is called censored. There are three types of censored data:

� right censored,

� interval censored,

� left censored.

Right censored or suspended data are those relative to the units that have not yet failed

when the life data are analyzed. The data are de�ned as interval censored if the exact

time of failure is uncertain but the interval of time in which the failure occurred is

known. This type of data usually comes from tests in which the tested units are not

constantly monitored and, as a result, the only information available is a failure that

happened between two successive inspections. A particular case of interval censored

data is the left censored data. In this case the failure time is only known to be before

a certain time, which means that the failure occurred at any time between the start of

the test and the �rst inspection. It should be observed that left censored data coincide

to interval censored data when the starting time for the interval is zero.
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5.3 Statistical distributions

In reliability engineering, the failure of a product is expected to be a random phe-

nomenon, that could happen at any time after the operation start, which is assumed

to occur at time zero. The product lifetime can then be indicated as a variable (T )

that could take any value bigger that zero; in mathematical terms T ∈ [0,∞[. Given a

random variable T , it is possible to de�ne [157]:

� the probability density function (pdf), of T : f(t) and

� the cumulative distribution function (cdf), of T : F (t).

The pdf, of T , is a function f(t) such that for two numbers, a and b with a ≤ b, the

probability that T takes on a value in the interval [a, b] is given by the area under the

function itself from a to b (�gure 5.1). In mathematical terms:

Figure 5.1: Probability density function, f(t)

P (a ≤ T ≤ b) =

∫ b

a

f(t)dt

withf(t) ≥ 0 ∀t ∈ [0,∞[.

The cdf, of T , is a function F (t) such that, for a given value t, F (t) is the probability

that the observed value of T will be at most t. In mathematical terms:

F (t) = P (T ≤ t) =

∫ t

0,−∞
f(s)ds

where the limits of integration depend on the domain of f(s).

The mathematical relationships between the pdf and the cdf is given by:
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F (t) =

∫ t

−∞
f(s)ds

and conversely:

f(t) =
d((F (t))

dt
.

This means that the value of the cdf at t is the area, up to t, under the pdf. In other

words, for a given time t, the cdf indicates the probability that a random selected unit

in the population will fail by the time t. The pdf function takes only positive values and

decreases towards 0 as the t increases. The cdf function instead increases monotonically

and goes asymptotically to 1 as t approaches in�nity. This means that the the total

area under the pdf is always equal to 1.

The pdf, f(t), is a parametric function that can have in principle any number of pa-

rameters, however, the distributions used in life data analysis have usually a maximum

of three parameters. These are known as the scale parameter, the shape parameter and

the location parameter. The scale parameter de�nes where the bulk of the distribution

lies. The shape parameter helps de�ning the shape of a distribution. The location

parameter, indicated as γ, de�nes the location of the origin of the distribution. For a

lifetime distribution, the introduction of a location parameter allows to shift the distri-

bution on the time scale; this means that a pdf with a domain on [0,∞[ will have its

domain changed to [γ,∞[. The location parameter can have both positive and negative

values. A positive location parameter indicates that up to the point γ the component

is never going to fail. A negative location parameter states that the component failure

occurs before time zero, i.e. before the operation start. Although a negative location

parameter might be considered meaningless at �rst, as it represents an apparently unre-

alistic condition, it indicates a failure that may occur before the component is used the

�rst time, with problems linked, for example, to manufacturing, handling or shipping

of the item.

5.3.1 The Weibull distribution

A type of pdf commonly used for analysing life data is the Weibull distribution. This

category of analysis is named after Waloddi Weibull who conceived it in 1937. It

was described in detail in a paper presented to the American Society of Mechanical

Engineers (ASME) in 1951 [158]. According to Weibull, his distribution applies to a

wide range of problems and he used seven case studies to demonstrate it.
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The three-parameter Weibull pdf is de�ned by:

f(t) =
β

η
(
t− γ
η

)β−1e−(
t−γ
η

)β

for t ≥ γ and

f(t) = 0

for t < γ where β > 0, η > 0, and −∞ < γ <∞.

In the Weibull pdf, β is the shape parameter, also known as the Weibull slope, η is

the scale parameter, and γ is the location parameter of the distribution.

When γ = 0, the distribution becomes the two-parameter Weibull or:

f(t) =
β

η
(
t

η
)β−1e−(

t
η
)β .

The adoption of the Weibull distribution in life data analysis has three main ad-

vantages: it works with extremely small samples, its output is easy to interpret and

informative in a graphical plot (see section 5.8), and it usually provides the best �t of

the life data. Studies conducted by R. Abernethy at Pratt & Whitney Aircraft [159]

show that even two or three failures, in a population of units, can provide a reasonable

failure analysis and failure forecast. This allows to reduce the cost and the time required

for a product testing and to start working to a solution at the earliest indication of a

problem without waiting for the test completion. Of course, in order for the analysis

to have statistical relevance, a larger number of failures is needed.

5.4 E�ect of the parameters on the Weibull distribu-

tion characteristics

5.4.1 The shape parameter β

The parameter β [160] is a pure number that can assume only positive values. It is called

`shape parameter' because changing its value has an e�ect on the shape of the Weibull

pdf. This section describes the in�uence of the shape parameter on the Weibull pdf,

the reliability and the failure rate function. Such functions will be plotted for three

di�erent values of β and a �xed value of both the scale parameter (η = 1) and the

location parameter (γ = 0).
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5.4.1.1 In�uence of β on the Weibull pdf.

The e�ect of β on the shape of the Weibull pdf is shown in �gure 5.2.

Figure 5.2: In�uence of the shape parameter β on the shape of the Weibull distribution
function. In the diagram the three curves are plotted for β < 1, β = 1
and β > 1. The values of the other two parameters of the distribution are
η = 1 and γ = 0.

When 0 < β < 1 the Weibull pdf is a monotonic decreasing function for increasing

values of t: f(t)→∞ for t→ 0 (or for t→ γ) while f(t)→ 0 for t→∞.
When β = 1 the Weibull pdf decreases monotonically: f(t) = 1 for t = 0 (or for

t = γ) while f(t)→ 0 for t→∞.
When β > 1 the Weibull pdf has a maximum for t = tmax where tmax = γ+η(β−1

β
)

1
β :

f(t) = 0 for t = 0 (or for t = γ) and for t→∞. The value tmax is also called the mode

of the distribution.

For some speci�c values of the shape parameter the equation of the Weibull dis-

tribution is reduced to those of other distributions. In particular, the Weibull pdf

becomes:

� the exponential distribution [161] for β = 1 and

� the Rayleigh distribution for β = 2.

For values of β in the interval ]2.6, 3.7[ the Weibull distribution approximates the Nor-

mal distribution [162]. In such interval the coe�cient of skewness of the distribution

approaches zero, thus the Weibull pdf becomes almost symmetrical. The Weibull dis-

tribution is positively skewed and it has a right tail for β < 2.6 whereas it is negatively

skewed and it has a left tail for β > 3.7.
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5.4.1.2 In�uence of β on the reliability function

The reliability function R(t) [163] represents the probability that a component has to

perform successfully a mission of a prescribed duration. The mathematical expression

of the Weibull R(t) can be derived from the cdf. As seen in section 5.3, given a time

t, the F (t) indicates the probability that a random selected unit in the population will

fail by the time t; as a consequence, the probability that the same unit will survive by

the time t can be expressed as:

R(t) = 1− F (t) = e−(
t−γ
η

)β

The e�ect of the shape parameter on the reliability function is shown in �gure 5.3.

Figure 5.3: E�ect of the shape parameter on the Weibull reliability function. R(t) is
plotted for three di�erent values of β while the η = 1 and γ = 0.

For 0 < β ≤ 1, R(t) is a convex function and decreases monotonically as t increases.

For β > 1, R(t) decreases as t increases. For t = t0 the function has an in�ection

point R”(t0) = 0 and changes its shape from a concave to a convex function.

Figure 5.4 shows the in�uence on R(t) of di�erent values of β in the interval ]1,∞[.

A high value of the shape parameter is desirable since the reliability increases as β

increases.
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Figure 5.4: E�ect of di�erent values of β in the interval ]1,∞[ on the R(t)

5.4.1.3 In�uence of β on the failure rate function

The failure rate is de�ned as the frequency with which a system or component fails. It

is denoted by the Greek letter λ and its mathematical expression is [163]:

λ(t) =
f(t)

R(t)
=
β

η
(
t− γ
η

)β−1.

As illustrated in �gure 5.5, the value of β has a marked e�ect on the failure rate of

the Weibull distribution. In particular:

Figure 5.5: E�ect of the β value on the Weibull failure rate functions. In the diagram
the three curves are plotted for β < 1, β = 1 and β > 1; the values of the
other two parameters of the distribution are �xed to η = 1 , and γ = 0.

� for 0 < β < 1 the failure rate decreases monotonically: λ(t) → ∞ for t → 0 (or

for t→ γ), while λ(t)→ 0 for t→∞;
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� for β = 1 the failure rate is constant over time;

� for β > 1 the failure rate increases with time.

A high failure rate shortly after the operation start is generally indicated as `infant

mortality'; this type of trend usually highlights problems in production, in the burn-in

period, in the packaging or in the delivery methods. A constant failure rate suggests

that an old component is as good as a new one. It means that the failure is caused by

random events, such as natural causes, like a �ooding or a lightning strikes, or human

error, like errors in the product maintenance. The most desirable failure rate trend is

the one generated by a β > 1. In this case the failure is due to a wear-out process, thus

the probability of failure in the early stage of the component life is very low.

Although for β ∈ ]1,∞[ the λ(t) function increases as t increases, its rate changes

for di�erent values of β. Figure 5.5 shows λ(t) plotted for 1 < β < 2, β = 2 and β > 2.

In particular:

Figure 5.6: E�ect of values of β ∈ ]1,∞[ on the failure rate. λ(t) was plotted for
1<β < 2, β = 2 and β > 2; the values of the other two parameters of the
distribution are �xed to η = 1 , and γ = 0.

� For 1 < β < 2, the λ(t) curve is concave thus the rate at which the function

increases decreases as t increases (λ′(t) < 0 for t > 0) .

� For β = 2, λ(t) becomes a straight line (λ′(t) = const). The function takes the

value of λ(t) = 0 for t = 0 or for t = γ and then increases at constant rate with a

slope of 2
η2
.

� When β > 2, the λ(t) curve is convex thus the failure rate increases at an increas-

ing rate as t increases (λ′(t) < 0 for t > 0).
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5.4.2 The scale parameter η

Figure 5.7 shows the e�ects of η on the Weibull pdf for a �xed value of β and γ [160].

The area under the pdf has a constant value of one (see section 5.3), thus a change in η,

Figure 5.7: E�ect of the scale parameter on the Weibull pdf for �xed value of β and
γ; in particular β = 3 and γ = 0.

while keeping the same shape and location parameters, results in either the `stretching'

or the `compressing' of the pdf along the abscissa. In particular:

� for increasing value of η the pdf stretches out on the right and the maximum value

of the distribution decreases;

� for decreasing value of η the pdf gets compressed to the left and the maximum

value of the distribution increases.

The scale parameter η has the same units as the abscissa of the Weibull pdf (t).

5.4.3 The location parameter γ

As mentioned in section 5.3, the location parameter γ locates the distribution along the

abscissa hence changing its value has the e�ect of `shifting' the pdf along the t axes.

Despite γ has the same unit as a time, it can take any value in the interval ]−∞,∞[;

where a value of γ < 0 indicates the failure of the component before the operation start

o�. Figure 5.8 shows the e�ect of a positive location parameter on the position of the

Weibull pdf. When γ > 0, it gives an estimation of the �rst failure in a population of

products; a shift on the right of the pdf, in fact, implies that there are no failures for

t ∈ [0, γ[ [160].
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Figure 5.8: E�ect of a positive location parameter γ on the Weibull pdf.

5.5 Estimating the parameters of a distribution

Once the distribution has been selected, correct estimate of the parameters allows

the pdf to �t the data. The following sections describe parameter estimation by the

probability plotting method and the least squares method [160].

5.5.1 The probability plotting method

The probability plotting method consists of two steps:

1. plotting the life data on a specially constructed probability plotting paper ;

2. reading the parameters directly from the plot.

This method aims to transform the cdf in the form of a straight line: Y = mX+c [160].

The linearisation procedure in the case of the two-parameter Weibull distribution is:

F (t) = 1−R(t) = 1− e−(
t
η
)β

1− F (t) = e−(
t
η
)β → ln(1− F (t)) = −(

t

η
)β

−ln(1−F (t)) = (
t

η
)β → ln(−ln(1−F (t)) = ln(

t

η
)β → ln(−ln(1−F (t)) = βln(t)−βln(η)

ln(ln(
1

(1− F (t)
)) = βln(t)− βln(η) (5.1)
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Setting y = ln(ln( 1
(1−F (t)

)) and x = ln(t) the equation 5.1 is transformed in:

y = βx− βln(η)

which is in fact the equation of a straight line. This means that when plotting the life

data on a chart with the appropriate x and y axes as those provided by the specially

constructed probability plotting paper, they will be arranged approximately along a

line indicated as the Weibull plot. The parameters of the pdf can be read directly from

the plot: the shape parameter is given by the slope of the plot while the characteristic

life can be determined from the intercept of the line with the x axis (y = 0).

5.5.2 The least squares method

The least squares method is based on the same idea as the probability plotting method

but rather than �tting the best straight line through the set of points by eye, the

best approximation is determined by regression analysis. The main consequence of an

analytical approach is the possibility of evaluating quantitatively how well the model

�ts the experimental data. With this method the line is determined minimizing the

sum of the squares of the distance of the data points to the �tted line. Two di�erent

minimisations can be performed achieving di�erent results (see �gure 5.9). The regres-

sion X on Y is the minimization in the vertical direction; it consists of minimizing the

distance of the vertical deviations from the points to the line. The regression Y on X

is the minimization in the horizontal direction; it involves minimizing the distance of

the horizontal deviations from the points to the line. Research conducted by Berkson

Figure 5.9: Two di�erent minimisations can be performed: A) Minimization in the
vertical direction; B) Minimization in the horizontal direction.

recommends selecting the scale with the larger variation as the dependent variable. In

the typical Weibull plots, the X variable has more scatter and error than the Y variable.
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Consequently the most used method for �tting the life data in a Weibull plot involves

regressing X on Y [164].

5.6 Generating plots and results

In order to predict the life of a population of components, N units from the same

population have to be tested to failure and their lifetimes (t1, t2, t3, ... tN) collected.

Building the Weibull plot consists of three steps [164]:

� ranking the data from the shortest lifetime to the longest;

� estimating the F (ti) for each lifetime ti, where 1 ≤ i ≤ N ;

� plotting the data and estimating the distribution parameters.

Ranking the samples allows to determine the position along the abscissa (t axis) for

each unit, while estimating F (ti) provides the percentage of the entire population failing

before ti. It should be noted that the real value of F (ti) is unknown unless the entire

population of components is tested. Several di�erent approaches can be used to estimate

F (ti). In his paper in 1951 [158], Weibull adopted the mean ranks method. This

consisted of estimating F (ti) using F (ti) = i
N+1

. Later, Johnson [165] suggested an

alternative method, the median ranks method, as more accurate. The latter requires

estimating F (ti) by setting, for each i, the cumulative binomial distribution equal to

0.5 and solving the equation for the variable MR as de�ned by the following equation:

N∑
k=i

(
N

K

)
(MR)k(1−MR)N−K = 0.5

where N is the number of samples, MR is the median ranks and i is the order number.

Today the adoption of the median ranks is considered the best practice; although, when

a reasonable volume of data is available, the di�erent methods of estimating bring very

little di�erence in the results [159].

The F (ti) values are used eventually to calculate ln(ln( 1
(1−F (ti)

)) which, in turn,

provides the parameters of the distribution, when processed with one of the two methods

described in section 5.5.
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5.7 Validating the model

In practical terms, the fact that the plotted data cluster around a straight line signi�es

that the Weibull distribution is modeling the life data closely. However, the goodness

of �t can be, in general, measured quantitatively by calculating the Pearson product-

moment correlation coe�cient [166]. Such a coe�cient, typically denoted by r, is a

measure of the correlation or linear dependence between two variables X and Y . For a

sample of units from a population, r is calculated as:

r =

∑N
i=1(Xi − X̄)(Yi − Ȳ )√∑N

i=1(Xi − X̄)2
√∑N

i=1(Yi − Ȳ )2

where N is the number of units, X and Y are the two variables and X̄ and Ȳ are

de�ned by:

X̄ =
1

N
(
N∑
i=1

Xi)

and

Y =
1

N
(
N∑
i=1

Yi).

In principle, r can assume values between +1 and -1 (r ∈ [−1, 1]) depending on

the line slope. An r value close to |1| indicates a good �t while a value close to zero

indicates that the data are randomly scattered and that they do not have any pattern

or correlation in relation to the regression line model. In the particular case of a Weibull

analysis, r assumes only positive values (the plot has always a positive slope) and it

can be seen as a measure of the strength of the linear relationship between the median

ranks and the life data [166].

In many cases, statisticians adopt the coe�cient of determination R2 instead of

r to measure the goodness of �t. In case of a linear model �tted by a least squares

regression, R2 is de�ned by the square of the sample correlation coe�cient between

the observed and modelled (predicted) data values. In this case, R2 can assume values

between 0 and 1 (R2 ∈ [0, 1]). The value is not directly a measure of how good the

modelled values are, but it is equal to the percentage of the variation in the data that

is explained by the �t to the distribution. In other words, if R2 is 0.9, then it means
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that 90% of the variation in the data set can be accounted for by the statistical model.

Moreover, an R2 of 1 indicates that the regression line perfectly �ts the data.

5.8 An example of Weibull analysis

Figure 5.10 shows an example of Weibull analysis, not referring to any meaningful

experimental case, but only provided here to clarify the concepts presented in this

chapter. The plot has been obtained by implementing in Microsoft Excel the probability

plotting method (section 5.5.1) [167]. The horizontal scale is a measure of life while

Figure 5.10: Example of Weibull analysis. The diagram illustrates how/where to read
β, η, and the B(10)life directly on the plot.

the vertical scale gives a measure of the cumulative percentage of samples failed in the

analysed population of products. Each green triangle represents the time to failure of a

single product, while the green line (determined as an interpolation of the experimental

data) is the actual Weibull plot. The two de�ning parameters of the Weibull distribution

and the B(X)life can be directly read on the plot. The shape parameter β is the slope

of the line that interpolates the data, while the scale parameter η is the intersection

of this line with the X axis. B(X)life is de�ned as the estimated time by which the

probability of failure has reached the speci�ed level of X%.

In order to choose the unit of the horizontal axis the physics of failure must be

analysed; turbine parts usually fail as a function of time at high temperature or as the

number of hot-to-cold cycles. In this work, TBC systems were tested in cyclic oxidation,
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therefore, the chosen units of age was the number of cycles.

The quality of the data interpolation was determined by the calculation of R2, and

by comparing this value with the critical R2 (R2
critical) [166]: if R

2 > R2
criticalthe quality

of �t is considered good. In case the Weibull analysis were to provide a poor data

�t, other distributions should be taken in consideration, like the lognormal distribution

[168] : the data should be plotted on other probability papers and the distribution that

provides the best �t should be chosen. In reality, in order to accurately discriminate

between the Weibull and other distributions, a data set with at least twenty failures is

needed; therefore for small data set the Weibull distribution is generally considered as

the best choice [166].
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Introduction to the experimental

procedure

In this program two di�erent Thermal Barrier Coating (TBC) systems were studied:

� A TBC system with a Pt-di�used bond coat

� A TBC system with a Pt-modi�ed aluminide bond coat.

The aim of this part of the thesis is to describe the experimental procedure followed

to develop, produce, test, and characterise the two TBC systems. Given the level of

complexity of such procedures, their description is supported by two �owcharts with an

increasing level of detail. Each �owchart consists of a schematic diagram in which each

block represents either one or a series of experimental steps; a colour scheme, adopted

for the blocks, visually allows making a distinction between these two cases.

Blocks representing an experimental step that includes sub-steps are green, blocks

which do not include sub-steps are red. The �owcharts are labeled as:

� Level 0

� Level 1

Figure 5.11 shows the �owchart `Level 0' which represents the most basic description of

the experimental procedure and will be introduced here to start familiarisation with the

process. Nickel-based superalloy coupons were used as substrates for the production of

the two TBC systems. After surface �nish preparation, all coupons were coated with Pt

and then divided into two sets of samples. One set followed the manufacturing route to

obtain a Pt-di�used bond coat, while the other followed the production route to obtain

a Pt-modi�ed aluminide bond coat. When the production of the two bond coats was

completed, the two sets of samples were put together for the ceramic deposition and

then, eventually, tested.
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Figure 5.11: Flowchart `Level 0': General description of the TBC systems production
process

Figure 5.12 shows the �owchart `Level 1', which is used as a graphical support for

the description of both apparati and procedures adopted for specimens manufacturing,

analysis, and testing. The red coloured blocks signify that each of them represents a

single experimental step. The diagram includes three main elements: the blocks, which

give information about the steps in the experimental procedure, the connectors, which

show the sequential order of the manufacturing/testing steps, and one or more symbols

pictured next to the block connectors. Each symbol is a schematic representation

of a complementary operation that was carried out on the specimens between two

consecutive manufacturing steps. Table 5.1 illustrates these symbols (left-hand column)

and their meaning (right-hand column).

CMSX-4 is the code of the Ni-based superalloy used as a substrate for the two TBC

systems. The composition of CMSX-4 is given later in table 6.1. The surface of the

CMSX-4 coupons was either grit blasted or ground to achieve the requested surface

�nish. After cleaning and characterising the surface texture, the coupons were coated

with platinum by Physical Vapour Deposition (PVD). The samples were weighed before

and after Pt deposition with the aim of controlling the amount of Pt deposited. At

this point half of the samples was heat treated to obtain a Pt-di�used bondcoat, while

the other half was heat treated, aluminised by Chemical Vapour Deposition (CVD) and

heat treated again to obtain a Pt-modi�ed aluminide bondcoat. The samples surface
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texture was assessed after the completion of each of these steps. Following bondcoat

manufacturing, all samples underwent a deposition of Yttria Partially Stabilized Zir-

conia (Y-PSZ) by Electron Beam Physical Vapour Deposition (EB-PVD). The sample

weight gain was used to monitor the amount of ceramic material deposited. After

completion of the manufacturing process, the TBC systems were tested using a cyclic

oxidation test. Some of the samples were analysed to characterise the coating, using

various techniques, described in detail in section 10.2. Such characterisation processes

were performed at various stages both during the manufacturing procedure and after

testing.

Part II structure

The experimental procedure brie�y described in the previous section is explained more

in depth in the following chapters. Given the large amount of experimental details to

be presented, the whole of part II has been divided into several chapters, in which the

single steps are individually discussed:

Chapter 6: Nickel-based substrates machining;

Chapter 7: Platinum deposition;

Chapter 8: Bondcoat manufacturing;

� Production of a Pt-di�used bondcoat

� Production of a Pt-modi�ed aluminide bondcoat

Chapter 9: Ceramic deposition;

Chapter 10: Testing methods.

The �rst four chapters correspond to the various production phases, while the �fth

to the testing procedure. Each of these chapters describes materials, procedures for

samples preparation, and the pieces of equipment necessary for coating manufacture.

All test results will be listed and discussed in part III.
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Symbol Meaning

Cleaning procedure
Surface texture characterization

Weight assessment

Coating characterization (FIB, XRD EDS, SEM)

Table 5.1: List of operations that were carried out, on the specimens, between two
consecutive manufacturing steps

Figure 5.12: Flowchart `Level 1': General description of the TBC systems production
process



Chapter 6

Nickel-based substrate machining

6.1 Substrate material characteristics

CMSX-4 is the material used as a substrate for the two TBC systems produced. CMSX-

4, developed by Cannon Muskegon Corporation, is a second generation nickel-based sin-

gle crystal alloy. This rhenium-containing alloy is characterised by ultra high strength

and it is capable of peak temperature/stress operation of at least 1163◦C. The alloy

microstructure consists of two main equilibrium phases: the γ' phase -Ni3Al, Ni3Ti or

Ni3(Al, T i)- as a precipitate and the γ phase -Ni- as a matrix. The nominal composi-

tion of the alloy is given in table 6.1.

Element Ni Al Cr Co Ti W Re Ta Mo Hf
Weight percent 61.7 5.6 6.5 9.0 1.0 6.0 3.0 6.5 0.6 0.1

Table 6.1: Nominal composition (wt%) of CMSX-4 [25]

6.2 Substrate surface �nish

CMSX-4 rods with various diameters were cast at Rolls-Royce, with the same proce-

dure as High Pressure (HP) single crystal blades. Using a wire Electrical Discharge

Machining (also known as Spark EDM), each rod was �rst machined along the length

to obtain a block with at least 2 perpendicular surfaces, and then it was sliced into

3mm thick coupons. The resulting shape of the coupons was linked to the original

dimension of the rod: some of the coupons were square with 15mm edge (�gure 6.1A),

while others had a more irregular shape with two perpendicular edges (�gure 6.1B).
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Figure 6.1: CMSX-4 coupons: A) Square coupons; B) Irregular shape coupons.

The specimens were either ground or grit blasted prior to Pt deposition. Six di�erent

surface �nishes are considered: 2 ground surfaces and 4 grit blasted surfaces. The two

ground surfaces were labelled respectively as:

� Coarse surface �nish (or simply Coarse ground),

� Fine surface �nish (or simply Fine ground).

The four grit blasted surfaces were named according to the blasting pressure that was

used during the blasting procedure, as follows:

� 0.05MPa,

� 0.1MPa,

� 0.2MPa,

� 0.4MPa.

6.2.1 Ground surface �nishes

The two di�erent ground surfaces were prepared using a Edgetek 5 axis SAM (Su-

perAbrasive Machining) manufactured by Holroyd. The machine was equipped with

a grinding wheel, a component support and a nozzle for the refrigeration �uid outlet

(�gure 6.2). The samples, in couples, were �xed using wax on the component support

(�gure 6.3). The latter consisted of a stainless steel plate provided with a reference

surface; such reference allowed the alignment of at least one of the coupon edges to

the rotation axis of the grinding wheel. In fact, the pattern eventually ground on the
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Figure 6.2: Grinding machine set up

Figure 6.3: Two CMSX-4 coupons �xed with wax on top of the component grinding
support. A reference surface was used to simplify the alignment of one of
the coupon edge with the rotation axis of the grinding wheel.
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sample surface is directional and, using the reference surface, allowed to de�ne a consis-

tent pattern direction for all samples. The samples were cut moving the grinding wheel

across the sample surface. The grinding machine was capable of working independently

in automatic mode according to a preloaded program specifying the rotation speed of

the wheel (Vw), its feeding rate (F), the depth of the cut (DOC), and the number of

cuts. A Castrol Hysol XH (2% oil in water) was used as a cooling �uid during all

grinding procedures. The resulting surface �nish consisted of a series of groves running

parallel to each other and, because of the selected sample position, parallel to at least

one of the coupons edges.

6.2.1.1 Coarse surface �nish

Sixty CMSX-4 coupons were ground to obtain the desired coarse surface �nish. The

cutting tool was a grinding wheel manufactured by Winter; it consisted of a single

layer of Cubic Boron Nitride (CBN) as abrasive, bonded to the wheel body by electro-

deposition. The FEPA (Fédération Européenne des Fabricants de Produits Abrasifs)

designation for the grit size is B91 (see table 6.2 for full wheel identi�cation). The

Surface �nish Coarse Fine
Wheel type 1A1 K1A1
Diameter (D) 275mm 300mm
Bore size (H) 76.2mm 76.2mm

Abrasive rim dimensions U=20mm, X=5mm U=20mm, X=3mm
Grit size B91 B46
Bond GSS KSS 10N

Concentration N/a V180K

Table 6.2: FEPA identi�cation for the two grinding wheels adopted in the program.
The achieved type of surface �nish is indicated in the top row.

grinding procedure consisted of three steps:

1. One cleaning cut with 20µm DOC;

2. One cut with 10µm DOC;
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3. Two cuts with 5µm DOC.

All steps were carried out using a Vw=30m/s (2084 rpm) and a F = 100mm/min.

Before starting the grinding process, the wheel was conditioned by means of 5 cuts,

with 1mm DOC and F = 100mm/min, on 60HRC M50 steel.

6.2.1.2 Fine surface �nish

Out of the sixty specimens machined as described above, twenty-six coupons underwent

a further automatic grinding process to obtain a �ne surface �nish. The samples were

ground in pairs using a Winter CNB resin bond wheel; the grit size designation accord-

ing to the FEPA standard was B46 (see table 6.2 for complete wheel identi�cation).

The grinding procedure consisted of two steps:

1. Eight cuts with 5µm DOC and F = 100mm/min;

2. Two cuts with 5µm DOC and F = 50mm/min.

For both steps the rotation speed of the wheel was V w = 40m/s (2546rpm).

The nature of this wheel required, as a part of the grinding procedure, performing

a dressing cycle on the wheel. This operation aimed at keeping the wheel e�cient,

removing the bonding material and exposing the abrasive particles. In order to max-

imise its performance, the wheel was dressed always after use. The dressing procedure

consists of 3 cuts, with a 0.25mm DOC, on an alumina bar (AA220 L VL (ZZ)); the

feeding rate and the rotation speed of the wheel in the dressing stage were 1mm/min

and 40m/s, respectively.

6.2.2 Grit blasted surface �nishes

Four di�erent grit blasted surfaces were prepared using a pressure-type machine (PTM)

manufactured by Guyson International Limited. The grit blasting was performed for

approximately 10 seconds per sample, keeping a distance of roughly 15cm between the

nozzle and the sample. The blasting medium was 220grit brown alumina and four dif-

ferent blasting pressures were used: 0.05MPa, 0.1MPa, 0.2MPa, and 0.4MPa. Each

of these values was used to identify the specimens produced at that speci�c blasting

pressure.

It should be pointed out that a grit blasting procedure is adopted commercially

to prepare the surface of the blades before Pt deposition, although details of such a
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procedure, including the values for the blasting pressure and the medium grit size,

are sensitive data and cannot be disclosed freely. Nevertheless, the blasting procedure

chosen in this work can be considered representative of the method adopted industrially;

in fact, the actual blasting pressure used in commercial operation is within the range

used here.

Ground surfaces, instead, are not commercialy used. The study conducted on this

type of surfaces aims at undestanding a possible e�ect of the groves on the TBC systems

performance. The grinding procedure adopted here was conceived in order to achieve

two types of ground surfaces showing a similar pattern in the surface irregularities

but having di�erent roughness values. Both coarse and �ne surfaces show, in fact, a

series of groves running parallel to each other but the roughness values are signi�cantly

di�erent, with the coarse surface showing an Ra value which is double the value of

the �ne surface (see section 12.1). The grit size for the grinding wheels was chosen

in order to achieve a surface �nish having a roughness comparable with the surface

roughness achieved via the grit blasting procedure. This will allow to study the e�ect

on TBC systems performance of surface having similar roughness but showing either a

directional (ground surfaces) or an even (grit blasted) pattern.

6.3 Cleaning procedure

After surface machining and �nishing the substrates were brushed, to remove any debris

from the grinding/grit blasting procedure, and cleaned by means of organic solvents in

an ultrasonic bath. The cleaning procedure consisted of three steps:

� 30 minutes in ultrasonic bath with acetone,

� 30 minutes in ultrasonic bath with isopropanol,

� 30 minutes in ultrasonic bath with Analar1 isopropanol.

The samples were rinsed after each step with Analar isopropanol.

1An Analar product is a chemical reagent of high purity generally for use in chemical analyses.
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Platinum deposition

7.1 Sputtering equipment

In order to cover a wider range of process conditions, two di�erent sputtering apparati

were used to deposit the platinum layer: a Nordiko2500 unit, and a custom designed

840 four magnetron sputter deposition coater. The two machines work according to the

same principle which is schematically presented in �gure 7.1. Sputtering is a process

Figure 7.1: Sputtering apparatus overview

carried out under vacuum, thus the deposition chamber is connected to a pumping

system consisting of:

� a rotary pump, which evacuates the deposition chamber down to 10-1mbar;
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� a cryopump, which evacuates the deposition chamber down to10-6mbar. This

pump is manually connected to the chamber through the high vacuum valve when

the pressure in the chamber reaches 10-1mbar.

As well as the connections to the vacuum apparatus, the deposition chamber is pro-

vided with a water cooling system for the walls and the base, a gas inlet, which allows

argon injection during deposition, and a venting valve. The chamber is, in fact, kept

constantly under vacuum and the venting valve allows access to atmospheric pressure

when loading and unloading the samples. Inside, the deposition chamber can hold sev-

eral di�erent targets: up to 4 in the 840 sputter and up to 6 in the Nordiko2500. Each

target is clamped onto a water cooled magnetron and connected to a power supply that

can be Direct Current (DC), pulsed DC or Radio Frequency (RF). A copper plate is

placed between the target and the magnetron to prevent the direct contact with the

cooling water, which might cause corrosion and/or contamination of the target. The

choice of copper for this purpose is due to its very good thermal conductivity as well

as on its minimal in�uence on the magnetic �eld generated by the magnetron. The

chamber is also equipped with a substrate holder rotation system which allows chang-

ing the position of the specimens in order to place them, in turn, in front of each target.

As a result, in both the sputtering units, it is possible to produce multi-layer coatings

without the need of opening the chamber during the process and, therefore, without

breaking the vacuum, between the deposition of the subsequent layers.

7.2 Platinum target and sputtering method

Only a single type of target was used for the purpose of this study: a 99.99% pure,

101.6mm x 203.2mm, platinum target. The same target was used in both sputtering

units. The Pt was deposited at room temperature by DC magnetron sputtering; the

power supply was operated in current regulation mode and the magnetron power during

sputtering ranged between 70 and 350W depending on the deposition rate desired. This

method has the advantage of a high deposition rate; the magnetic �eld generated by the

magnetron enhances the plasma density increasing, as a consequence, the deposition

rate. On the other hand, the magnetic �eld created a `doughnut' shape of the plasma,

which resulted in an inhomogeneous metal consumption on the target and, hence, in

the formation of an erosion track on the metal target surface.
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7.3 Sample holder

A suitable specimens holder was designed and built to hold the samples during de-

position (�gure 7.2). It consists of a square Aluminum plate in which 23 holes were

Figure 7.2: Samples holder for platinum deposition

machined to accommodate the specimens. Each hole has an inner lip that allows holding

the sample both in vertical and face-down position.

7.4 Calibration of deposition rates

Although sputter deposition is a line of sight deposition process, the position of each

specimen with respect to the target has an e�ect on the amount of platinum deposited;

as a consequence, the deposition rate is not constant across the holder. Two di�erent

methods were adopted in order to evaluate the deposition rate:

� a step measuring technique,

� a weight gain technique.

The two techniques are illustrated in the following paragraphs, while the results of the

calibrating depositions are shown in detail in chapter 11. Both the methods involve run-

ning a calibrating deposition, the �rst measures the thickness of the deposited Pt layer,

the second its weight. When comparing structures obtained using di�erent sputtering

parameters, as in this study, it is fundamental to have both these pieces of information

as the microstructure and density of the Pt layer strictly depends on the deposition

settings.
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7.4.1 Step measuring technique

This technique allows to determine the deposition rate as µm/minutes and it involves

three steps:

1. running a calibrating run for each set of process conditions adopted in the study,

2. measuring the thickness of the deposited layer for each sample position in the

holder,

3. dividing this value in µm by the deposition time in minutes to determine the

deposition rate.

7.4.1.1 Calibration run: substrate material

An established practice in the group indicates glass slides as a suitable material for

calibration runs; their smooth surface, in fact, allows easy measurement of the coating

thickness (see 7.4.1.3). Nevertheless, glass plates were used only in one trial and were

subsequently replaced by Nimonic 75, NiCr alloy believed to be more suitable for this

use as more similar material to CMSX-4. This particular alloy was selected after taking

into consideration both availability and cost. Its chemical composition is reported in

table 7.1. Nimonic 75 has the following advantages over glass:

� reduces the error in deposition rate assessment because glass is not conductive

and the charging e�ect in the early stage of deposition a�ects the deposition rate;

� excellent adhesion of the Pt layer with 0% spallation of the coating.

Element Ni Cr Ti Si Cu Fe Mn C
Weight percent Base 18-21 0.2-0.6 61.0 60.5 65.0 61.0 0.08-0.15

Table 7.1: NIMONIC alloy 75 chemical composition (wt%) (Special metals)

The use of metal as a calibration substrate has the drawback of requiring a complex

surface preparation before each calibration run. In order to measure the coating thick-

ness, in fact, the Pt layer has to be deposited on a smooth surface, which means that

the Nimonic 75 samples needed to be polished to a `mirror �nish' before every single

run.
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7.4.1.2 Calibration run: substrate preparation procedure

The aim of the calibrating runs was to assess the deposition rate for each of the 23 sub-

strates positions in the samples holder. For this purpose, 15mm sided square coupons

were cut from a, 1.5mm thick, sheet of Nimonic 75. Using melted wax, the specimens

were bonded to an aluminium plate (�gure 7.3A); this operation ensured a good con-

tact between the sample surface and the grinding media during the polishing procedure.

Once the wax was solidi�ed, the aluminium plate was attached to a polishing plate with

Figure 7.3: Step measuring technique: substrate preparation procedure. A) Samples
bonded to the aluminium plate. B) Automatic polishing machine

bi-adhesive tape. The polishing procedure was carried out using an automatic machine

(�gure 7.3B) and it consisted of several grinding steps, progressively decreasing the grit

size of the grinding medium. The polishing procedure is summarized in table 7.2.

Medium Lubricant Time [min]

120 grit paper water until �at
240 grit paper water 4
1200 grit paper water 2
2500 grit paper water 2
4000 grit paper water 2

Colloidal silica suspension on Microcloth® disc by Buehler® water 1

Table 7.2: Polishing procedure

Once the polishing was completed, the aluminium plate was heated to melt the

wax and remove the coupons. Samples were cleaned using a non-solvent cleaning �uid

(Eccoclear®) to remove any remaining trace of wax, and then decreased with acetone;

both operations were carried out in an ultrasonic bath.
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7.4.1.3 Calibration run procedure

The polished Nimonic 75 coupons were partially covered with a high temperature ad-

hesive tape (Kapton® tape) (�gure 7.4A), then they were placed in the samples holder

(�gure 7.4B) and �nally used as substrates for the calibration run. The coating-free

Figure 7.4: Nimonic 75 coupons ready for the calibration run. A) The coupons sur-
face is polished to `mirror �nish' and it is partially covered with Kap-
ton® tape; B) Twenty-three Nimonic 75 coupons positioned in the sam-
ples holder.

zone obtained by removing the tape allowed measuring the step between the coated

and uncoated areas. This was done using a Veeco Dektak® 3ST stylus pro�ler. This

machine measures the step by drawing a diamond-tipped stylus across the surface and

assessing its vertical displacement as a function of the position. Figure 7.5A and 7.5B

show the Dektak® working principle and the obtained typical step pro�le, respectively.

For each sample position in the holder, the coating thickness was assessed as an aver-

Figure 7.5: A) Dektak® working principle. B) Typical step pro�le obtained with the
Dektak®

age of four thickness measurements equally distributed along the sample surface. The
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deposition rate was determined for each sample position simply by dividing the average

coating thickness by the deposition duration. This was done on the assumption that

the coating thickness is a linear function of the deposition time, which is only true in

case of thick coatings (in the µm scale), when it is acceptable to ignore the non-linear

early stage of the deposition. The thickness values determined with this method were

consistent with the values measured through SEM observations of the sample cross

section.

The step measuring technique is a non-destructive technique, hence, after measuring

the coating thickness, the Pt layer could be removed and the Nimonic 75 coupons

reused.

7.4.2 Weight gain technique

This technique allows determining the deposition rate as mg/minutes. It involves four

steps:

1. weigh the substrates before the run,

2. running a calibration run for each set of process conditions adopted in the study,

3. weigh the coated substrates and determine the Pt weight gain,

4. dividing this value in mg by the deposition time in minutes.

Substrates preparation before Pt deposition was very limited for this method as no

pro�lometer measurement had to be taken after deposition. The surface of the Ni-

monic 75 coupons needed only to be grit blasted and cleaned in ultrasonic bath, with

isopropanol, for 30 minutes.

Combining the values obtained with the two di�erent techniques, it was possible to

determine, for each specimen position in the samples holder, an average coating thick-

ness and the corresponding weight gain. To con�rm these values, some of the samples

coated for calibration purposes were cross-sectioned, mounted in thermoset resin, pol-

ished and analyzed under an optical microscope to measure the coating thickness. The

obtained values were in good agreement with the ones collected with the step measuring

technique.
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7.5 Platinum deposition procedure

The procedure for manufacturing a set of Pt sputtered samples is described in this

paragraph. The whole process can be illustrated as a series of subsequent steps:

� Choosing the process parameters: current density and sputtering pressure;

� Carrying out the calibration run (see section7.4);

� Preparing the CMSX-4 coupons: machining, cleaning, weighing the samples, and

assessing their surface �nish;

� Positioning the samples in the substrates holder;

� Venting the deposition chamber and locating the samples holder above the Pt

target at a separation distance of 75mm;

� Pump down the chamber overnight to a base pressure below 6 · 10-7Torr;

� Switching the cryopump to a throttle mode in order to reduce the pumping �ow;

� Back-�lling the chamber with argon, adjusting its �ow to set the pressure to the

working value;

� Sputter-cleaning the target before starting the actual deposition run (see descrip-

tion below);

� Starting the Pt deposition;

� Switching o� both the power supply and the argon �ow once the sputtering stage

has completed its required duration;

� Pump the chamber back to the original base pressure;

� Leaving the system to cool down before unloading the samples (the target and

the samples may become signi�cantly hot during deposition);

� Venting the chamber and unloading the samples;

� Pump the chamber to high vacuum in order to prevent the targets and the cham-

ber walls from absorbing pollutants between depositions;



90 Platinum deposition

� Weighing the samples and calculating the Pt weight gain in order to con�rm that

the Pt layer thickness was within the required tolerance.

The preliminary operations on the CMSX-4 coupons (machining, cleaning, weighing,

and surface �nish assessment) were always carried out within 24 hours from the loading

of the samples into the sputtering chamber to minimise the risk of unwanted oxida-

tion/contamination of the substrates.

Allocation of the samples within the positions of the holder was decided on the basis

of the calibration data and taking into account the required Pt layer thickness (usually

10 ± 0.5µm). Due to the strong in�uence of the sample position on the amount of Pt

deposited, such a tolerance was very strict and it was found out that only 8 out of the

23 positions available satis�ed this requirement (see cartography of the Pt deposition

in chapter 11).

The sputter-cleaning process conducted before the actual deposition has the objec-

tive of removing the �rst atomic layers from the target surface. This is done by gradually

increasing the current from 0A up to 0.7A while a shutter, between the target and the

samples, controlled by an external handle, is kept closed. The shutter protects the

substrates from unwanted deposition of potentially contaminated platinum. Based on

prior experience, the sputter-cleaning process is believed to be completed after approxi-

mately three minutes. Once the `cleaning' is completed, the current density is gradually

decreased to the working value. The deposition starts when the shutter is moved away,

leaving the samples exposed to the plasma.
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Bondcoat manufacturing

Before proceeding with the detailed description of the manufacturing process, it is

essential to illustrate the general aspects of the heat treatment necessary to generate

the bondcoat and the furnace used. This will be done in section 8.1.

After platinum deposition, the samples are divided into two sets in order to carry

out the production of the two types of bondcoat. Accordingly, two sections will be

dedicated to the description of the manufacturing processes leading to the production

of the two types of bondcoat:

� Production of a Pt-di�used bondcoat (section 8.2),

� Production of a Pt-modi�ed Aluminide bondcoat (section 8.3).

8.1 Vacuum furnace and heat treatment procedure

All the heat treatments were carried out under high vacuum atmosphere in a vacuum

furnace. This consists of a working chamber connected to a pumping system, equipped

with both a rotary and a di�usion pump. The samples were loaded into the chamber on

an alumina plate which was located between the two L-shaped carbon electrodes (�gure

8.1). This arrangement guaranteed a homogeneous distribution of the heating energy

on the samples. After loading the samples the chamber was pumped to 1−2 ·10-6mbar.

Each heat treatment involved three phases:

1. heating up to working temperature,

2. dwelling at constant temperature,
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Figure 8.1: Vacuum furnace chamber. The samples, loaded on the alumina plate, are
placed between the two L-shaped carbon electrodes.

3. cooling down to room temperature.

The heating up phase was carried out in three steps, progressively increasing the tem-

perature. Table 8.1 shows details of the heat treatment procedure; the temperature,

the heating up/cooling down rate, and the dwelling time are speci�ed for each phase.

Several di�erent heat treatments have been carried out during this program. Each of

Temperature Rate Dwelling
[°C] [°C/min] [min]

Phase 1 Heating up 40 10 1
Phase 1 Heating up 200 40 10
Phase 1 Heating up 450 15 10
Phase 2 Dwelling Working 20 Dwelling at working

temperature temperature
Phase 3 Cooling down 20 100

Table 8.1: Heat treatment procedure

them had its own characteristic Phase 2, while Phase 1 and Phase 3 were the same

for all of them. Detailed description of the Phase 2 will be given in the appropriate

sections.

8.2 Production of a Pt-di�used bondcoat

Production of a Pt-di�used bondcoat required one single heat treatment. Its charac-

teristic Phase 2 (see previous section) consisted of a dwelling at 1190◦C for one hour.
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8.3 Production of a Pt-modi�ed Aluminide bondcoat

Manufacturing of the Pt-modi�ed Aluminide bondcoat involved two heat treatments

and one further deposition step, in the following order:

1. Pre-aluminising heat treatment,

2. Aluminising by Chemical Vapour Deposition,

3. Post-aluminising heat treatment.

8.3.1 Pre-aluminising heat treatment

The pre-aluminising heat treatment was carried out under full vacuum, and in this case

the Phase 2 described in table 8.1 consisted of a dwelling for two hours at 1040◦C.

8.3.2 Aluminising by Chemical Vapour Deposition

8.3.2.1 CVD equipment

The CVD equipment includes two �xed stations, indicated as `Station A' and `Station

B', and a separate bell furnace. Each station consists of a deposition chamber containing

a retort on a stand. In the retort, the specimens are either surrounded by or immersed

in the coating source material, thus this is the area in which the aluminising reactions

occur.

During an aluminising run, the bell furnace is �rst heated up to temperature and

then positioned over one of the two stations. The deposition chamber and its content

are then brought up to temperature and held there for the required time whilst the

coating process takes place. At the end of this period, the furnace is switched o�, lifted

up from the station, and positioned either on the other station to start a new process,

or on its trolley and moved away from the chamber, while this cools down. Figure 8.2

shows the bell furnace on its trolley at the end of a run; �gure 8.3 shows the Station

A, the only one used in this project, before closure.

The deposition chamber consists of a vessel with two main elements: the `bell

shaped' lid and the `base'. To open the chamber, the lid has to be lifted using a

hoist; when the base and the lid are in contact the chamber can be closed by means of

four clamps equally distributed along the base perimeter; an O-ring, positioned between

the base and the lid, assures a gas tight closure.
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Figure 8.2: Bell Furnace on its trolley

Figure 8.3: Station A opened. A) Chamber bell shaped lid; B) Stand and the retort
positioned on the chamber base
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Inside the chamber, the stand (�gure 8.4) has two main purposes: on one hand,

positioning the retort in the hottest area of the station and, on the other, preventing

the base from overheating being provided with four insulating ba�es.

Figure 8.4: Stand

The retort consists of a cylindrical container, to which a sealing channel is welded,

and a cylindrical loose �xing lid (�gure 8.5A). The sealing channel is �lled with 20

mesh alumina granules that play the role of a mechanical barrier to the escape of the

aluminising gases from the retort; when the retort is closed, in fact, the free edge of

the lid is embedded into the granules. Inside, the retort is equipped with a ring shaped

gas feeder, for an homogeneous distribution of the gases, a samples holder or tray,

and three spacer bars that allow positioning the tray at di�erent distances from the

retort base. Figure 8.5B shows a top view of the opened retort before loading the

aluminising reagents and the tray with the samples. Figure 8.5C shows the same view

after loading with details of the tray consisting of a mesh welded to a metallic ring-

shaped support. Underneath the tray, through the tray mesh, the aluminising reagents

are visible (8.3.2.2).

Figure 8.6 shows a schematic representation of the Station A and the gas lines con-

nected to it. Through the chamber base the station is connected to �ve gas inlet/outlet

lines:
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Figure 8.5: Retort. A) Retort closed; B) View from the top of the opened retort
before loading the aluminising reagents and the tray with the samples.
The picture shows: the sealing channel full of alumina granules, the three
spacer bars and the ring shaped gases feeder; C) View from the top of the
opened retort after loading. In the picture, the tray is the fully welded
mesh and ring assembly. Underneath the tray, through the tray mesh, it
is possible to see the aluminising reagents.
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� a connection to a vacuum system (V ),

� an inlet line for the retort which is connected to the ring shaped gas feeder (IR),

� an inlet line for the chamber (IC),

� an operative exhaust line (EO),

� an emergency exhaust line (EE).

The vacuum line is provided with a rotary pump which allows reaching a soft vacuum

in the chamber. Each inlet gas line allows feeding the system with N4.8 argon (99.998%

pure), N6.0 argon (99.9999% pure), or a combination of hydrogen and either of them.

Four analog Mass Flow Controllers (MFC) allow controlling the �ows on each line

independently. The exhaust lines, as their name suggests, allow purging the exhaust

gases out of the chamber. The `operative exhaust line' is the one normally used during

the process; it is kept closed with a cap at any time except during the process, when

the cap is removed and the line is manually connected to a wet scrubber system. This

consists of two sealed plastic tanks, indicated as `suck-back chamber' and `bubbler',

connected in series: the �rst is kept empty while the second is �lled with 10 liters of

water. During the process the �ue of acid gases coming out of the chamber is forced

through the two tanks and, hence, through the water before being released in air. As a

result, the gases are neutralised and a light overpressure corresponding to the ten litres

of water is built up in the chamber. The suck-back tank has the purpose of collecting

any back stream of water in case, during the process, a light vacuum builds into the

deposition chamber. The `emergency exhaust line' works as a back-up for the operative

exhaust line: it is activated either manually or automatically in case the pressure inside

the chamber exceeds +0.5bar.

During the run the temperature of the station is monitored by four thermocouples:

one applied to the retort and three to the chamber base.

8.3.2.2 Reagents

The aluminising source material is an aluminium-chromium alloy (40wt%Cr-60wt%Al),

in the form of chips (�gure 8.7), supplied by ReadingAlloys®. The activator is alu-

minium �uoride powder supplied by PrinceMinerals®. In this project a weight ratio of

66:1 (chips to activator) was adopted, corresponding to 2000g of chips and 30g of salt.
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Figure 8.6: CVD equipment overview: the picture shows both the Station A and the
�ve inlet/exit gases lines connected to it. (Adapted from material courtesy
of Dr K. Long)
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Figure 8.7: Aluminium-chromium alloy (40%Cr-60%Al) chips

8.3.2.3 CVD procedure

The aluminising run is described in this paragraph as a series of steps which, overall,

lasted approximately 36 hours.

� Preheating the furnace at 800◦C overnight.

� Increasing the temperature of the furnace to 1050◦C and allowing at least one

hour to stabilise the temperature before moving it over the station.

� Loading the retort.

The bottom of the retort was �lled with the Al-Cr chips �rst, which were then

evenly covered by a thin layer of AlF3. The samples were laid on the tray which

was then positioned in the retort at a distance of 80mm from the Al-Cr chips.

� Sealing the retort by making sure the edges of its lid are fully embedded into the

alumina granules bed.

� Closing the chamber by clamping its lid onto the chamber base.

� Creating an inert environment in the station.

The station was evacuated and back �lled with argon for three cycles to make

sure it was fully purged from any residue of oxygen before commencing the CVD.

The argon �ow was set at 25l/min in the chamber and 10l/min in the retort.
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� Purge phase

After the station was �lled with argon for the 3rd time, the exhaust line was

opened and connected to the wet scrubber system, the hydrogen �ow was then

started and set at 10% of the argon �ow. The gases were left running for one

hour. This and the following phases of the CVD run are detailed in table 8.2.

Gas flow in Gas flow in
the chamber the retort

Process Sample Furnace Ar �ow H2 �ow Ar �ow H2 �ow
phase temperature [°C] position [l/min] [l/min] [l/min] [l/min]

Purge Room temperature trolley 25 2.5 10 1
Reaction 750 � 1030 station 5 0.5 1 0.1

Cool down 1 1030 � 400 trolley 15 0.5 10 0.1
Cool down 2 400 � 250 trolley 15 0 10 0
Cool down 3 250 � 25 trolley 0 0 0 0

Table 8.2: Aluminising process divided into phases. For each phase are indicated:
sample temperature, position of the furnace, gas �ows, in the retort and in
the chamber.

� Setting up a system to collect temperature data comprising four thermocouples,

which recorded the temperature at 10 seconds intervals.

� Reaction phase

Moving the furnace over the station and reducing the gas �ow as detailed in table

8.2. The aluminising process technically started when the retort temperature

reached 1030◦C. In practice aluminising starts before this, in the heat up phase

of the aluminising process, albeit at a low rate.

� Switching o� the furnace after 5 hours of aluminising, and moving it from the

station to the trolley.

� Cool down phases

Cooling down of the station followed the three steps described in table 8.2. When

the retort temperature reached 400◦C, the hydrogen lines were closed; while the

argon lines were left opened until the temperature was below 250◦C.

� Opening the chamber to prevent the water in the bubbler from being sucked into

it because of the vacuum created by cooling down of the station without any gas

supply.
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� Leaving the station to cool down to room temperature overnight.

� Removing the specimens.

� Cleaning and maintaining the CVD equipment.

After each run the whole station needed to be dismantled and cleaned of �uoride

and oxide residues. These precipitates needed to be abraded o� the surfaces with

grinding paper and then removed with a vacuum cleaner equipped with �lters for

acid waste. The used Al-Cr chips were sifted to remove most of the �uorides,

then washed with water and eventually left to dry overnight at a temperature

between 70◦C and 100◦C.

8.4 Post aluminising heat treatment

After aluminising, the manufacture of the PtAl bondcoat was completed by a `post

aluminising heat treatment', which follows the steps listed in table 8.1 where Phase 2

consisted of two stages. During stage one the samples were kept at 1140◦C for two

hours and then, after reducing the temperature to 870◦C at a rate of 20◦C/min, they

underwent a second dwelling stage of 20 hours.
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Ceramic deposition

9.1 Coating equipment

The Electron Beam Physical Vapour Deposition (EB-PVD) unit consists of two cham-

bers: the working or deposition chamber and, underneath it, the Electron Beam (EB)

gun chamber. Each chamber has its own pumping system which allows the two units

to work at di�erent pressure during the deposition; in this particular case, the working

chamber pressure will be varied between 10-2mbar and 10-7mbar while the gun chamber

will be kept at 6 · 10-4mbar.

Figure 9.1 shows the working chamber layout. The two substrate holders (or blades)

are �xed on the deposition chamber back wall, onto the axes of a rotation mechanism.

This enables the holders to rotate perpendicularly to the ceramic ingot, which is the

evaporation source (�gure 9.1A). For this project a rotation speed of 20rpm was chosen,

which represents an acceptable compromise between the need of a lower speed, for a

longer coating lifetime, and a higher speed, for a lower coating anisotropy. Unlike full

scale commercial coaters, the unit available in the Cran�eld University laboratory does

not have a powerful enough EB gun to sustain a high temperature, hence an arc shaped

furnace is positioned around the samples holders in order to heat up the specimens prior

to the deposition (�gure 9.1B).

The EB gun chamber accommodates an electron beam gun inclined by 270◦ with

respect to the ceramic rod. The power source works at 40kW with a voltage of 10kV .

During deposition, the generated electron beam is accelerated to a high kinetic energy

and focused towards the ingot by a magnetic �eld. The kinetic energy of the electrons,

converted into thermal energy as the beam bombards the surface of the ingot, allows
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Figure 9.1: EB-PVD working chamber layout. A) Two substrate holders �xed on the
deposition chamber back wall, perpendicularly to the ceramic ingot. The
red arrow indicates the rotation direction. B) The arc-shaped furnace
placed over the sample holders.

the surface temperature of the ingot to increase, resulting in the formation of a liquid

pool of ceramic material that evaporates under vacuum. The ingot, enclosed in a water

cooled copper crucible, is provided with an ingot feed mechanism. This pushes the

ceramic rod from the bottom into the chamber and allows to keep the level of the

molten liquid pool on the surface of the ingot constant. A controlled blend of oxygen

(90%) and argon (10%) is pumped into the deposition chamber in order to achieve the

required Zirconia stoichiometry. The deposition temperature ranges between 871◦C

and 1093◦C [28] and the condensation rate of the vapours on the substrates is typically

2− 3µm/min.

9.2 The EB-PVD substrates holders

The substrate holders for the EB PVD chamber (�gure 9.2) adopted in this study

have been especially designed and commissioned for the present work. They must

guarantee that, during the deposition, the samples are central with respect to the melted

ceramic pool and that the resulting deposition on all the specimens is as homogeneous

as possible. Each holder consists of two parts assembled together with �ve bolts. The

holders and the bolts are manufactured using Nimonic 75 (table 7.1) to guarantee

stability at the deposition temperature. Nimonic 75 melts between 1340◦C and 1380◦C.
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Figure 9.2: EB-PVD substrates holders

9.3 The evaporation source

In this study, Y-PSZ rods (or ingots), supplied by Phoenix Coating Resources (USA),

were used as an evaporation source. Table 9.1 reports both dimensions and nomi-

Dimension
Ingot name Diameter Length Description Y2O3

[mm] [mm] [mol %]

Y-PSZ 33 201 7wt%Y2O3-ZrO2 15.6

Table 9.1: Dimensions and nominal chemical composition of Y-PSZ ingot

nal chemical composition for the ingot. The rod composition was chosen in order to

guarantee a metastable single phase in the coated samples (see section 4.2).

9.4 Ceramic deposition procedure

An established practice of the engine manufacturers requires grit blasting the blade/samples

prior ceramic deposition. In this study, the samples were not grit blasted immediately

prior to ceramic deposition in order to preserve their original surface �nish. Each

ceramic deposition involved the following steps:

� Venting the deposition chamber.

� Positioning the samples on the holders and connecting them to the rotating sys-

tem.

� Loading the Y-PSZ rod and putting the arc furnace in place.
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� Closing the deposition chamber and pump it down to a high vacuum level (typi-

cally between 10-5and 10-7mbar).

� Heating the furnace up to approximately 500◦C.

� Leaving the system to stabilise overnight.

� Feeding the chamber with a gas mixture of 10% argon and 90% oxygen.

The gas �ow is adjusted to set the pressure to the working value of 10-2mbar.

The presence of oxygen in the chamber assures that fewer oxygen vacancies are

formed in the ceramic coating guaranteeing the correct stoichiometry for zirconia

formation.

� Increasing the furnace temperature to a minimum of 850◦C prior to deposition.

� Starting the samples holders rotation.

� Triggering the electron beam gun to the operative conditions of 10kV/0.54A.

This operation raises the temperature to the working temperature (between 900◦C

and 1020◦C).

� Evaporate ceramic for the required duration.

In the present study the required TBC thickness was 200µm, which corresponds

to a deposition time of 83 minutes. During evaporation, the consumption of

the ceramic rod was controlled through the control aperture; the rod was raised

manually approximately every 5 minutes.

� Leaving the samples to cool down and �nally unloading them.



Chapter 10

Testing methods

10.1 Surface texture characterisation

10.1.1 Pro�lometer

The specimens surface was assessed using a Form Talysurf manufactured by Taylor-

Hobson. The instrument consists of a diamond stylus with a small tip (radius of 2µm), a

laser gauge or transducer, a traverse datum and a processor. The machine measures the

surface by drawing the stylus across the surface and measuring its vertical displacement

as a function of the position. Figure 10.1 shows a schematic representation of the

pro�lometer while measuring the sample surface. For correct data collection, only the

Figure 10.1: Schematic representation of the pro�lometer while measuring a surface

stylus tip should be following the surface to be tested while the gauge passes over the

surface along a straight line. This is obtained using a straightness datum, which consists

of a datum bar lapped to a high straightness tolerance. As the stylus moves up and

down along the surface, its movement is converted �rst into a signal by the transducer
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and then into a visual pro�le (measured pro�le) by the processor.

10.1.2 Procedure for surface texture assessment

The surface texture assessment consists of measuring the sample surface along the

direction perpendicular to the lay of the irregularities. On ground surfaces the lay

is perpendicular to one of the coupon edges (see section 6.2.1), which could then be

used as a reference for the direction of the texture measurement. The sample surface

was assessed with four measurements running parallel to the reference, and evenly

distributed over the surface; each measurement was done over a length of 10mm.

On grit blasted surfaces, the irregularities do not have a particular lay, so the surface

was assessed according to a grid of eight measurements: following the same procedure

adopted for the ground samples, four measurements were taken along one of the coupon

edges while the other four were taken after rotating the sample by 90◦.

The real pro�le of a surface can be thought of as the sum of many di�erent individ-

ual functions, each with its own wavelength. In order to separate form from waviness

and roughness, the pro�lometer �lters the measured pro�le. The �lters adopted allow

separating and removing the wavelength components of the surface outside the range of

interest and obtaining a modi�ed pro�le; such a pro�le is then used to calculate the sur-

face parameters. Based on the wavelength components that have been extracted from

the measured pro�le, the calculated parameters may be: form parameters, waviness

parameters or roughness parameters.

In this study, a Gaussian �lter was applied and a band-pass type �ltering operation

was adopted to extract the roughness pro�le of the surface. A band-pass �lter involves

the application of both high-pass and low-pass �lters. The former lets the short wave-

length (high frequency) components through, while the latter eliminates the noise. The

high-pass and low-pass limits are expressed, numerically, as `cut o�' values: they were

chosen according to the procedure described in the paragraph 7.2 of the BS EN ISO

4288:1998.

After extracting the roughness pro�le the pro�lometer calculates the roughness pa-

rameters as described in the standard protocol BS EN ISO 3274:1998. This procedure

provides one set of parameters per measurement, hence four were obtained from the

ground surfaces and eight from the grit blasted surfaces. For each sample a single, �nal

set of parameters, representative of the whole surface, was calculated as an average of

the corresponding parameters in the various sets.
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10.2 Coating characterisation

The following section describes the apparatus and the analysis performed to characterise

the coating at di�erent stages of manufacturing and after the cyclic oxidation test.

Microscopy was used for observing surface and cross sections of as deposited samples

or samples exposed to oxidation, in order to understand the behaviour of the coating

being aged.

10.2.1 Optical Microscopy

An optical microscope was used to inspect the coating top surface after each manufac-

turing step. The apparatus used was a Nikon direct optical microscope equipped with

a JVC CCD sensor camera for picture acquisition.

10.2.2 Scanning electronic microscopy (SEM) and Energy Dis-

persive X-ray Spectroscopy (EDS)

The SEM equipment used in this study was a FEI XL30 SFEG equipped with an energy

dispersive X-ray spectrometer or EDS system. In a scanning electron microscope, high-

resolution images of the samples surface are produced by scanning the sample surface

with a beam of electrons, indicated as primary electrons. The electrons, generated by

a Field Emission Gun (FEG), are accelerated with a voltage comprised between 10

and 30kV , and then focused on the sample surface with electromagnetic lenses. The

interaction between the electrons and the atoms in the sample produces signals like

Secondary Electrons (SE), Back-Scattered Electrons (BSE) and characteristic X-rays;

each of these signals can be detected by a specialised detector. SE give topographic

information of the sample surface; they are produced by inelastic scattering of the beam

electrons. Backscattered electrons are instead generated by elastic scattering, and they

provide information about the distribution of di�erent elements in the sample, by atomic

number contrast. The BSE signal is related to the atomic number (Z) of the elements

in the specimen and it is stronger when the electrons are re�ected by atoms with a

higher Z; as a result in BS images the brighter areas are the ones containing elements

with higher Z. All the micrographs reported in this work are back-scattered images.

Characteristic X-rays are emitted when the primary electrons remove an inner shell

electron from the atoms in the sample, causing an electron from an outer, higher-energy

shell to �ll the hole and release energy. The emitted X-rays are characteristic of the
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di�erence in energy between the two shells, and of the atomic structure of the element

from which they were emitted. By using an energy dispersive X-ray spectrometer it is

possible to measure the number and the energy of the X-rays and, as a consequence, to

characterize the chemical composition of the sample.

10.2.2.1 SEM samples preparation

The analysis with the SEM/EDS technique was conducted on the top surface of the

samples and on their cross section. When examining the top surface, the sample prepa-

ration was limited to cleaning it with IPA in an ultrasonic bath; when the cross-section

was investigated, preparation involved moulding the samples in phenolic resin supports

and polishing them as illustrated in table 7.2.

The SEM technique requires electrically conductive and grounded samples. In a

TBC system only the Y-PSZ layer is not conductive, hence the ceramic coatings and

the cross sections had to be coated with a thin (less than 50nm) layer of carbon.

10.2.3 Focused Ion Beam (FIB)

The FIB is a technique used in materials science for site-speci�c analysis, deposition,

and ablation of materials. The FIB instrument used in this study was a FEI FIB 200;

it operates in a similar way to a scanning electron microscope but, instead of using a

focused beam of electrons, it uses a focused beam of ions that can be operated at low

beam currents, for sample imaging, or at high beam currents, for sputtering or milling.

The instrument uses a gallium Liquid-Metal Ion Source (LMIS). The gallium metal

is placed in contact with a tungsten needle and heated, the resulting melted metal

wets the tungsten, and an electric �eld (greater than 108 volts per centimetre) causes

ionization and �eld emission of the gallium atoms. The source ions are then accelerated

to an energy between 5 and 50keV (kiloelectronvolts), and focused onto the sample by

electrostatic lenses. Figure 10.2 shows the interaction between the gallium ion beam

(Ga+), or primary ion beam, and the sample surface. When the primary ion beam

hits the sample, it produces the sputtering of a small amount of material, which leaves

the surface as either secondary ions (i+) or neutral atoms (n0). The primary ion beam

produces also secondary electrons (e-). As the primary beam rasters on the sample

surface, the signal from the sputtered ions or secondary electrons is collected to form

an image.
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Figure 10.2: Schematic of the interactions between the gallium ion beam (Ga+) and
the sample surface

An electromagnetic aperture situated after the ion gun allows the user to choose

beam current from 1pA to 11500pA. At low currents, typically between 1 and 70pA,

the FIB is used for imaging, as limited amounts of material are sputtered at these

current values. Above 70pA the beam is energetic enough to allow precision milling of

the specimen down to a sub-micron scale. The choice of the beam current is strictly

dependent on the type of material that is to be milled. For a given milling volume,

in fact, increasing the current corresponds to a increment of the energy transferred to

the sample surface, which results in a reduction of the milling time but also in a larger

thermal a�ected zone around the milled section.

If the sample is non-conductive, a low energy electron �ood gun can be used to

provide charge neutralisation; thus even highly insulating samples may be imaged and

milled without a conducting surface coating, as would be required in a SEM.

In addition to primary ion beam sputtering, the FIB system permits local `�ooding'

of the specimen with a variety of gases. The interaction of these gases with the primary

gallium beam allows either selective gas assisted chemical etching or selective deposi-

tion of material. Very common is the deposition of a thin Pt strip (1 to 3µm thick)

that works as a sacri�cial layer, protecting the underlying sample from the destructive

sputtering by the ion beam.

In this work the FIB technique was used to study the structure of the sputtered

Pt layer (see Chapter 7); the aim was to analyse the cross section of the as-deposited

coating without any artifacts linked to sample cutting, mounting, and polishing. The

sample top surface was �rst scanned at low currents to �nd a suitable area for the

analysis; then the primary beam current was increased and, the selected area was milled

according to a pre-de�ned pattern. The milling resulted in a parallelepiped shaped hole
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in the Pt layer, where the base and the height of the parallelepiped were respectively

parallel and perpendicular to the sample top surface. In order to image the coating

cross section the sample was then tilted in situ and scanned with a low current beam.

10.3 Cyclic oxidation

After manufacturing, the lifetime of both types of TBC systems was assessed via cyclic

oxidation test. The lifetime is de�ned as the time a component or a system operates

before failure. When tested in isothermal tests, the TBC system lifetime is measured

as the time at top temperature before failure, while, when tested in cyclic test, the

lifetime is normally measured in terms of number of cycles.

Studies conducted on TBC systems with a Pt-modi�ed aluminide bond coat high-

lighted that the time at temperature more than the number of cycles in�uences the

TBC system lifetime. Nevertheless, in this work it was decided to study the TBC sys-

tems oxidation resistance adopting the industrial approach, which consists of testing

the turbine components for high temperature application in cyclic oxidation tests and

in determining their lifetime as number of cycles to failure. This approach aims to

simulate the thermal cycles that such components endure in service. For TBC systems,

it emphasises the failure generated by the thermal stress that is built up at each cycle

due to the di�erence in thermal expansion between the superalloy, the bondcoat, the

TGO and the ceramic topcoat. It should be noted that, given that a �xed cyclic regime

was chosen (see section 10.3.3), the number of cycles can be easily converted in time at

temperature before failure.

10.3.1 Cycling oxidation rig

The cyclic oxidation test was carried out in a thermal cycling rig manufactured by

Pyrox. The rig is equipped with a furnace that can reach an operating temperature

of 1450◦C. A pneumatic device, connected to the samples holder, cyclically moves the

samples between a `hot position', inside the furnace, and a `cold position', outside the

furnace, in a laboratory environment; as a consequence the samples are submitted to a

succession of cycles where each cycle is the sum of a `furnace time'and a `cooling time'.

The samples cooling rate can be increased using a forced air cooling system. When

the samples holder is in the `cold position', it is surrounded by four vertical nozzles

connected to four electric fans (�gure 10.3) . The air, blown into the nozzle by the fans,
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Figure 10.3: Samples holder outside the furnace in the `cold position': it is surrounded
by four vertical nozzles connected to four electric fans.

creates a cooling air vortex around the samples holder that increases the cooling rate.

The fan rotating speed can be adjusted with a potentiometer, thus di�erent levels of

cooling speed can be achieved.

10.3.2 Samples holder for cycling oxidation

The samples holder consists of three circular plates connected by four metal rods.

Twelve hooks are hung to the top and middle plates. Each hook can accommodate

one sample for a total of twenty-four specimens per run. Samples are attached to

the hooks via `baskets' crafted in high temperature resistant wire (Kanthal AF). This

FeCrAl alloy has a temperature capability of 1300◦C (the melting point is 1500◦C),

and excellent oxidation resistance in combination with good form stability.

10.3.3 Oxidation testing procedure

In this study the `time to failure' or `lifetime' of a specimen tested in a cycling oxida-

tion test is de�ned as the number of cycles that generated in the sample a 20% TBC

spallation. The lifetime depends not only on the testing temperature but also on the

time the samples are held in the hot and cold positions as well as on the heating and

cooling rates. In this study each cycle consisted of:

� a testing temperature of 1150◦C;

� 45 minutes exposure time (see de�nition below);
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� a forced air cooling;

� a minimum of 10 minutes dwell at temperatures lower than 100◦C.

The exposure time is de�ned as the length of time during which the samples are exposed

to a temperature higher than 97% of the testing temperature. During the cooling

time the sample temperature drops from the testing temperature to the laboratory

temperature. A forced cooling guarantees a high cooling rate that, in turn, allows

avoiding signi�cant creep stress relief in the samples at temperature above 800◦C. When

the temperature is below 100◦C the samples are subject to the ambient moisture that

alters the bonding across the α − Al2O3 scale/bondcoat interface by stress-corrosion

cracking. This phenomenon is taken into account in this study by keeping the samples

for at least 10 minutes at a temperature lower than 100◦C. Given the chemical reactions

expected to occur at this temperature, such a portion of the oxidation test will be

referred to as `alumina hydration'.

10.3.4 Oxidation rig programming

The oxidation rig requires a time-based programme, input via its control panel, in order

to be instructed as to when to shift the samples between the hot and cold positions.

Identi�cation of the duration of the `furnace time' and of the `cooling time' required

mimicking an oxidation cycle in which mock coupons made of 15mm squares of Ni-

monic75 were used instead of the real samples and their temperature monitored during

a complete oxidation cycle. Several cycles had to be run in order to achieve a setting

that would comply with the requirements listed in section 10.3.3. The calibration run

showed that to achieve the required testing conditions the working temperature in the

furnace had to be set at 1165◦C and that the cycle duration had to be seventy-nine

minutes (64 minutes furnace time + 15 minutes cooling time).

Monitoring of the temperature within the samples holder was done using two ther-

mocouples, welded onto CMSX-4 coupons attached onto di�erent plates in the holder,

in opposite positions with respect to the central axis of the holder. A third thermo-

couple was also placed in the centre of the samples holder between the top and middle

plates. A typical temperature evolution recorded during a cycle is represented in �gure

10.4. Figure 10.5 illustrates the temperature evolution during the �rst and the last

20 minutes of the cycle, while table 10.1 gives details of the heating and cooling rate

during the �rst and the last 3 minutes of the cycle.
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Figure 10.4: Temperature evolution during a 79 minute cycle for the three thermo-
couples. `Sample-TC top' and `Sample-TC bottom' are the two signals
recorded by the thermocouples welded to the samples on the top and
middle plates, respectively. `Plain-TC top' is the signal recorded by the
thermocouple in the centre of the samples holder.

Figure 10.5: Details of the heating and cooling curves
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Heating Rate Cooling Rate
[°C/min] [°C/min]

1st minute 3rd minute 1st minute 3rd minute

Sample-TC top 527 257 682 337
Sample-TC bottom 503 246 670 334

Plain-TC 677 259 886 351

Table 10.1: Heating and cooling rate during the �rst and last 3 minutes of the cycle,
recorded for the three thermocouples. Identi�cation of the thermocouple
position is described in �gure 10.4.

The results illustrated in �gure 10.5 show that, apart from the initial stages of

the cycle, the sample mass e�ect on the temperature evolution is negligible. A slight

discrepancy is registered initially between the temperature of the two plates, with the

middle plate showing a slower heating rate than the top one. However, after the �rst 14

minutes of the cycle the heating rates of the thermocouples attached to the coupons and

to the samples holder are equivalent, with a di�erence in temperature between the three

thermocouples of maximum 10◦C. The top plate reaches 1115◦C, which is 97% of the

testing temperature, after 18 minutes, while the middle plate reaches this temperature

after 20 minutes. Hence it is assumed that, after 19 minutes from the beginning of

the furnace time, the exposure time starts. This allows �xing the furnace time for

each cycle at 64 minutes (19 minutes ramping up to 97% maximum temperature + 45

minutes exposure time).

Once the samples are out of the furnace, they are cooled down in forced air using

the highest fan speed. An initial investigation on the cooling speed showed that the

cooling rate for the top plate of the samples holder was signi�cantly higher than the

rate registered for the middle plate. In order to reduce this di�erence, the four cooling

nozzles were partially obstructed with a metallic mesh; adjusting the position of such

mesh, a homogeneous cooling rate was achieved.

For the three thermocouples, the temperature dropped from 1150◦C to 23◦C in 15

minutes with a corresponding average cooling rate of 75◦C/min. The cooling rate for

the two plates was acceptably similar; after less than 4 minutes into the cooling time,

both thermocouples registered less than 100◦C. Consequently a cooling time of 15

minutes guarantees the 10 minutes required for the alumina hydration.



Part III

Results and discussion
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This part of the thesis is divided into 7 chapters; chapter 12 to chapter 15 report an

investigation on TBC systems with a Pt-di�used bond coat (or γ+γ′ bond coat) while,

chapter 16 illustrates results regarding TBC systems with a Pt-modi�ed aluminide

bond coat (or PtAl bond coat). With the purpose of making the presentation clearer

and easier to follow, each chapter presents the e�ect of a single factor on the lifetime

of the TBC system in consideration. In particular, for TBC systems with a Pt-di�used

bond coat:

� Chapter 12 analyses the in�uence of di�erent PVD Pt structures;

� Chapter 13 studies the e�ect of the ceramic deposition temperature;

� Chapter 14 illustrates the e�ect of the substrate surface machining procedure with

a direct comparison between an isotropic and an anisotropic surface �nish;

� Chapter 15 investigates the existence of a set of roughness parameters which can

characterise the substrate surface �nish and can be linked to the lifetime of the

system.

For TBC systems with PtAl bond coat:

� Chapter 16 studies the e�ect of di�erent Pt layer morphologies;

Each chapter includes a summary of the experimental procedure adopted to manufac-

ture the analysed specimens.

The chapters listed above are preceded by chapter 11 which investigates the cor-

relation between the sputtering parameters and the morphology of the deposited Pt

layer. In particular, chapter 11 describes the three types of Pt layer structure which

were manufactured in this work and were used for both types of bond coat. Part III is

closed by chapter 17, which includes an overall discussion where the two types of bond

coat are compared.



Chapter 11

As-deposited platinum layer: coating

morphology and density

11.1 Cartography of the platinum deposition

The TBC systems manufactured in this study required the deposition of a Pt layer

with a thickness of t ± 0.5µm where t, de�ned as nominal layer thickness, is 10µm

unless otherwise stated. Such a strict control of the thickness of the deposited layer

was achieved by carefully mapping the amount of Pt deposited across the di�erent

locations in the sample holder. In fact, calibrating depositions demonstrated that the

amount of Pt deposited on each specimen depends on the coupon position with respect

to the Pt target. Figure 11.1 includes a picture of the samples holder (left) and a

diagram with the cartography of a typical Pt deposition (right). In the diagram, the

samples positions are represented as coloured squares: locations characterised by the

same colour allow to obtain the same Pt thickness of t ± 0.5µm, where the value of t

can be read on the diagram scale. The adopted color scheme highlights that locations

having a similar Pt layer thickness are arranged along concentric ellipses; this resulted in

obtaining, out of each deposition run, a maximum of eight specimens (orange positions

in the cartography) with acceptable speci�cations.

The layout of the Pt cartography does not vary with the sputtering parameters, but

it is linked to the dimension of the magnetron underneath the Pt target. The ellipses,

along which the sputtered Pt layer has equivalent thickness, have their axes aligned

with the axes of the magnetron track and the ellipse with the thickest layer (orange

positions) corresponds to the superposition of deposition from both of the magnetron
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Figure 11.1: Samples holder (left) and diagram with the cartography of a typical Pt
deposition (right). In the diagram, samples positions are represented as
squares, colour coded according to the Pt thickness obtained.

tracks.

In this investigation, three di�erent sets of sputtering parameters were adopted for

the deposition of the Pt layer. For each set, table11.1 reports:

� parameters values (current, pressure and power);

� duration of a typical deposition run;

� specimens weight gain in mg
cm2 of Pt;

� type of structure of the as-deposited coating.

Sputtering parameters
Current Pressure Power Deposition time Weight gain Pt layer morphology
[A] [Pa] ([mTorr]) [W ] [min] [mg/cm2]
0.7 0.67 (5) 315 84 20.0 Dense
0.7 10.00 (75) 275 93 14.6 Open
0.2 0.67 (5) 68 410 19.9 Dense

Table 11.1: Sputtering parameters and deposition run characteristics to deposit a
nominal 10µm coating thickness

The set of parameters in the �rst row of table 11.1 (0.7A and 0.67Pa) represents the

conditions previously adopted at Cran�eld University for the deposition of Pt thin �lm

(i.e. less than 2µm). In this work, such a set of parameters was adopted as a starting

point, with the intention of identifying the conditions for the deposition of Pt layers with

a nominal thickness of 10µm. The other two con�gurations were obtained modifying
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either the pressure or the current of the reference set, in the attempt of investigating

the e�ect that such variations have on the Pt layer morphology and eventually on the

TBC systems performance. The current and the pressure values were chosen at the

extremes of the operative range of the sputtering equipment.

The deposition time and the Pt weight gain are relative to a coating thickness of

10±0.5µm and were calculated by the step measuring technique (see section 7.4.1) and

the weight gain technique (see sections 7.4.2), respectively.

Analysis of the as-deposited Pt layers revealed that two di�erent types of microstruc-

ture were obtained, which were identi�ed as `Dense' and `Open' structure. Figure 11.2

shows micrographs of the coating top surface (A and C) and of the ion-beam milled

sections (B and D) for each of these microstructures, including, as a reference, the mi-

crographs of an electroplated Pt layer (E and F). The latter represents the standard

product of the industrial process for depositing Pt on turbine hardware. The Pt layer

with a dense structure shows a dense and uniform topography (Figure 11.2A) with �ne,

elongated grains (Figure 11.2B), whereas the open structure is characterised by a spiky

top surface (Figure 11.2C) and well de�ned columnar grains (Figure 11.2D).

Figure 11.2: Micrographs of the topography (top row) and of FIB-milled sections
(bottom row) of the as-deposited Pt layer on CMSX-4 substrate grit
blasted at 0.2MPa: Dense structure (A and B); Open structure (C and
D); Electroplated Pt coating (E and F).
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The morphologies shown in �gure 11.2 suggest that the layers deposited with dense

and open structures have di�erent densities. A simple comparison between the weight

gain and the deposited volume of Pt on each sample con�rmed this hypothesis: the

amount of Pt sputtered varies from 14.6 mg
cm2 in an open structure to ∼ 20 mg

cm2 in a

dense structure. These values correspond to a coating density of 14.6 g
cm3 and 20 g

cm3 ,

respectively. Considering that Pt density is 21.46 g
cm3 , it can be concluded that the dense

structure contains less than 10% voids, while the open structure contains approximately

30% voids. As a comparison, an electroplated Pt layer contains around 40% voids.

Previous studies have demonstrated that the change in Pt microstructure is the

result of a change in sputtering pressure more than a change in sputtering current

[169]. This is con�rmed by the results detailed in table 11.1, which show that coatings

manufactured at low pressure (0.67Pa) retain their dense structure whatever the current

level. An increased pressure in the deposition chamber results in shorter mean-free-path

of the �ux, which leads to the increase of the oblique component of the �ux, and in the

reduction of the energetic-particle bombardment of the deposit, causing low adatom

mobility. Both these factors contribute to the production of a coating with an open

structure. The open and dense microstructures can be both recognised on the Thornton

diagram shown in �gure 4.6 in section 4.3.2: the open structure corresponds to a Zone

1 type, characterised by a reduced densi�cation due to a higher number of voids and

pore density, whereas the dense structure can be identi�ed as a Zone T type.

It should be noted that an increment in sputtering pressure from 0.67Pa to 10Pa,

while keeping the current constant, although results in the production of a di�erent

coating microstructure, has only a negligible e�ect on the deposition time, which is re-

duced by approximately 10%. On the other hand, increasing the current level from 0.2A

to 0.7A, while keeping the pressure constant, has the e�ect of reducing the sputtering

time of almost a factor of 5, as previously observed also by Thornton [107]. The low

or high currents adopted when depositing at low pressure, and therefore the di�erent

deposition rates achieved, will characterise two dense structures which, in the rest of the

thesis, will be referred to as `Dense Low Rate' (DLR) and `Dense High Rate' (DHR),

respectively.



Chapter 12

E�ect of the platinum layer

morphology on the lifetime of TBC

systems with a γ + γ′ bond coat

This chapter presents the e�ect of the morphology of the Pt layer, deposited via PVD,

on the lifetime of TBC systems with a Pt-di�used (or γ+γ′) bond coat. Three di�erent

Pt layer structures were studied: an open structure, a DLR structure and a DHR

structure. Detailed description of both the sputtering procedures adopted to deposit

the Pt layers and the achieved structures is provided in chapter 11.

The studied specimens were manufactured depositing a 10 ± 0.5µm thick layer of

Pt on CMSX-4 coupons adopting the three sets of sputtering parameters listed in table

11.1. Before Pt deposition, the Ni based substrates were machined to achieve two

di�erent surface �nishes: a 0.2MPa grit blasted surface and a coarse ground surface

(see chapter 6). After Pt deposition, the specimens were �rst heat treated at 1190◦C

for one hour under vacuum to allow the formation of the Pt-di�used bond coat, and

then coated with Y-PSZ (see chapter 9). During the ceramic deposition, the ground

samples were placed with the lay of the surface irregularities parallel to the rotation

axis of the samples holder. The TBC systems were �nally tested in cyclic oxidation at

1150◦C (see section 10.3.3).
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12.1 Bond coat characterisation in as-deposited con-

ditions

Manufacture of the Pt-di�used bond coat was successful on all combinations of Pt

layer structures and substrate surface �nishes except in one case (table 12.1): visual

inspection by naked eye of the specimens after heat treatment highlighted the presence

of blisters in bond coats produced with a DHR Pt layer structure deposited on ground

surfaces. Blistering resulted in catastrophic failure of these specimens before completion

of the manufacturing process. For this analysis, the Pt with an open structure was not

deposited on samples with a ground surface for a shortage of ground substrates.

Type of Pt structure Visual inspection of diffused coating

Grit blasted surface Ground surface
Open Ok n/a

Dense High Rate (DHR) Ok Blistering
Dense Low Rate (DLR) Ok Ok

Table 12.1: Results of visual inspection of coatings after di�usion: the DHR coating,
when deposited on ground surface, was a�ected by blistering. The Pt with
an open structure was not deposited on samples with a ground surface.

SEM micrographs of top surface and cross section of the DHR Pt structure on a

ground surface after heat treatment, blistered coating, are shown in �gure 12.1A and

12.1B, respectively. Figure 12.1B gives a clear indication of when and where the coating

failure occurred. The micrograph shows a fully di�used coating, even underneath the

blisters, and a delamination surface which runs along the original Pt layer/substrate

interface. This suggests that the coating failed after the di�usion heat treatment during

the cool down to room temperature from 1190◦C. The accommodation of the CTE

mismatch between the coating and the substrate may have caused the formation of

compressive residual stress in the coating which was relieved by the formation of blisters.

This hypothesis does not justify, however, why the DHR Pt structure on ground surfaces

is the only type of coating su�ering from blisters. All the studied specimens underwent

the same heat treatment, therefore, if the thermal stress is assumed to be the only cause

of blistering, then the same Pt coating would be expected to fail also when deposited

on grit blasted specimens.

This observation suggest that there must be some contribution to the occurrence of

blistering linked to the type of substrate surface �nish. The surfaces investigated in this
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Figure 12.1: SEM micrographs of the DHR Pt structure on a ground surface after
heat treatment: coating top surface (A) and cross section (B).

study are signi�cantly di�erent: grit blasted surfaces are characterised by irregularities

which do not show any particular pattern, whereas the ground surfaces are characterised

by a series of grooves running parallel to each other, which give them a higher anisotropy.

The two surfaces have also di�erent surface roughness, compared in table 12.2. The

ground surface has a symmetrical pro�le, in respect of the mean line, and has Ra =

0.72µm. The grit blasted surface has also an almost symmetrical pro�le (Rsk value

is not signi�cantly lower than zero) but has an Ra = 1.39µm. In other words, the

grit blasted surface is rougher than the ground surface. A rougher surface has a larger

surface area than a smoother surface, therefore, the stress at the coating/substrate

interface is distributed over a wider area, resulting in a lower interfacial strain energy.

This may explain why the rougher surface of the grit blasted substrate tolerates a higher

level of stress before the strain energy stored into the coating overcomes the fracture

toughness of the interface, resulting in coating failure (and blistering).

Roughness Surface finish
parameter Ground Grit blasted

Ra 0.72µm 1.39µm
Rq 0.91µm 1.76µm
Rv 2.46µm 5.11µm
Rp 2.55µm 4.39µm
Rsk 0.06 −0.31
Rku 3.04 3.37
RSm 70.42µm 76.89µm

Table 12.2: Roughness parameters values for a ground and grit blasted surface �n-
ish; the chosen set of parameters is the one usually adopted to describe
surfaces.
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An experimental con�rmation that di�erent surface �nishes (or roughnesses) have

di�erent levels of critical stress was found in another piece of work carrier out by the

author outside of the scope of this thesis. In that study the deposition of a 10µm thick

Pt layer with a DHR structure on a mirror polished surface (Ra = 0.2µm) resulted in

the failure of the Pt deposit by �lm spallation immediately after the completion of the

PVD deposition, con�rming that, when a highly polished surface is coated, the residual

internal stress of the deposited structure may be su�cient to overcome the critical stress

value that brings the coating to failure.

The suggestion that blistering is caused by CTE mismatch and that it is more likely

to occur on smoother substrates still does not clarify why the DLR Pt structure was

successfully deposited both on ground and grit blasted samples.

A possible explanation to this may by found in the fact that a reduction in the

coating deposition rate causes a reduction in the level of internal residual stress. In this

work the DLR Pt structure was produced reducing the sputtering rate by a factor of

almost �ve with respect to that of the DHR structure (see table 11.1), and it seems to

have been e�ective in eliminating the risk of blistering altogether.

As already mentioned in section 11.1, the dense structure (identi�ed as the Zone T

structure in the Thornton diagram [19]) is characterised by a high compressive internal

stress. To prevent the blisters formation in dense coatings deposited on smooth surfaces,

a reduction in the level of residual stress is critical. Based on the observations above,

such a reduction can be achieved either by increasing the sputtering pressure, which in

turn results in changing the deposit structure, or, for a given structure, by reducing the

coating deposition rate.

Another e�ective way to reduce the stress level in the coating consists in reduc-

ing the thickness of the deposit. Although this method was not contemplated in the

present study (due to the strict tolerance requested to the coating thickness - ±0.5µm),

the author has attempted experimentally at depositing a DHR Pt structure without

incurring coating failure by reducing the coating thickness down to 7.5µm.

12.2 Oxidation test results

Figure 12.2 shows the TBC systems lifetime as a function of the Pt layer morphology

(DHR, open, or DLR) for the two substrate surface �nishes investigated. For each of

the �ve TBC systems investigated, the diagram reports the number of specimens tested
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as well as the average, maximum and minimum lifetime values expressed as number of

oxidation cycles.

Figure 12.2: Oxidation test results for TBC systems with a Pt-di�used bond coat as a
function of the Pt layer structure (DHR, open, or DLR) for two di�erent
substrate surface �nishes (0.2MPa or ground surface). For each TBC
system, the number of specimens tested, the average, maximum and
minimum lifetime values (expressed as number of oxidation cycles) are
reported.

The TBC systems with a DHR Pt structure exhibited the shortest time to failure. In

this category of specimens, the samples with a ground surface have a nominal lifetime of

zero cycles. Such a value was arbitrarily assigned to highlight the fact that all samples

e�ectively failed before completing the manufacturing process due to blisters formation.

The lifetime of the TBC systems with a grit blasted surface increased by a factor

of two when the Pt was deposited with an open structure rather than with a DHR

structure and by a factor of seven when the Pt layer had a DLR structure. The

bene�cial e�ect of the DLR structure over a DHR structure was observed also on

samples with a ground surface. None of the specimens with a DLR Pt structure, in

fact, was a�ected by blistering and the coupons tested showed an average lifetime of

81 cycles. Independently of the type of Pt structure deposited, the TBC systems with

a grit blasted surface always showed the longest life. The in�uence of the substrate
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surface �nish on the TBC systems lifetime is reported in detail in chapter 14.

Weibull analysis was performed on the life data collected from the TBC systems

with a 0.2MPa surface �nish; the resulting plots are pictured in �gure 12.3. The shape

parameter of the Weibull distribution (β, which is a measure of reliability) increases

by a factor of almost two changing the Pt structure from a DHR to an open structure;

such increment reaches a factor of three when the DLR structure is used. The bene�cial

e�ect of changing the Pt structure is even more evident when the characteristic life is

evaluated: η increases by a factor of two or almost seven, respectively, when the open

or the DLR structures are used. The combination of a high η and a high β results in

the increment of B(10)life: this value was increased by a factor of 4 or 15 when the

open or the DLR structures were used, instead of a DHR structure.

This progressive improvement in the TBC system performance depends on the pro-

gressive reduction of the residual stress in the bond coat due to the change in sputtering

conditions. In section 12.1 it was inferred that the DHR Pt structure is characterised

by a high level of residual stress, signi�cantly higher than that of the DLR Pt struc-

ture. The open structure too appears to have a lower level of stress than the DHR

Pt structure due to its higher number of voids and pore density. Although in none of

these structures the stress level is high enough to cause coating failure at the original

Pt layer/substrate interface, the di�erent levels of residual stress may a�ect the life of

the TBC system to di�erent extents. When these coatings are used as bond coats, their

top surface will be constrained under the TGO and TBC. During oxidation tests, the

residual stress in the bond coat represents an additional contribution to the residual

stress that is already building up in the TGO because of the oxide growth and because

of the CTE mismatch between the TGO and the metallic bond coat. Given the impor-

tant role played by the total stress in the TGO in determining the TBC durability, it

can be concluded that a higher contribution to stress level in the TGO caused by the

residual stress in the bond coat should be expected to shorten the TBC system lifetime.
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Figure 12.3: Weibull plots of the in�uence of the Pt layer morphology on the lifetime
of TBC systems with grit blasted substrates and Pt-di�used BC. For
each Weibull plot, the table reports the values of: β, η, B(10)life and R2.
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12.3 Conclusions on the role of Pt layer morphology

on the lifetime of TBC systems with a γ+γ′ bond

coat

The three Pt structures investigated are thought to be characterised by di�erent levels

of compressive residual stress. Such stress, combined with the stress that arises from

the accommodation of the CTE between the coating and the substrate, can overcome

the critical stress value beyond which the coating fails due to blisters formation at the

original Pt layer/substrate interface. For a given coating thickness, the critical stress

level depends on the substrate surface �nish; in particular such a level is lower for

smooth surfaces than for rough surfaces. For a given surface �nish, reducing the Pt

layer sputtering rate is an e�ective way to reduce the residual stress in the coating and,

in turn, to manufacture successfully Pt-di�used coatings on smooth surfaces, such as

the ground surfaces.

When a γ + γ′ coating is used as a bond coat, the residual stress in the coating

in�uences the TBC systems performance in cyclic oxidation, even if such a stress is

below the critical stress value for the substrate surface in consideration. In a TBC

system, the bond coat external surface is constrained underneath the TGO and the

TBC. Therefore, the residual stress in the bond coat contributes to the increase of the

residual stress in the TGO which, in turn, causes the ceramic to spall. TBC systems

with a dense Pt structure and the anticipated highest level of stress (DHR Pt structure)

showed the shortest life and lowest reproducibility in life. On the other hand, when the

DLR Pt structure was used, the TBC systems showed the longest life and the highest

reproducibility.



Chapter 13

E�ect of the TBC deposition

temperature on the lifetime of TBC

systems with a γ + γ′ bond coat

This section aims to discuss the in�uence that a variation of the ceramic deposition

temperature has on the lifetime of TBC systems with a Pt-di�used bond coat. The

study was carried out comparing the life data of a total of 26 specimens, the manufacture

of which consisted of depositing a 10± 0.5µm thick Pt layer with a DLR structure on

grit blasted CMSX-4 coupons, heat treating the coupons at 1190◦C for 1 hour, and

eventually coating them with Y-PSZ. The specimens were tested in cyclic oxidation at

a temperature of 1150◦C.

A total of seven EB-PVD runs were conducted to deposit the ceramic on the 26

specimens. Table 13.1 reports, for each run, the average deposition temperature and

the number of samples coated. It should be noted that all the EB-PVD runs were

carried out at a pre-de�ned temperature within the interval of temperature typically

used in industrial production processes for the ceramic deposition (1144K and 1366K)

[28].

A summary of the results of the oxidation tests are presented in �gure 13.1, where

the average lifetime of the specimens produced in each of the seven TBC deposition runs

is plotted as a function of the average ceramic deposition temperature. The plot shows

a linear dependence of lifetime with respect to the TBC deposition temperature, with

the lifetime increasing monotonically when the TBC deposition temperature increases.
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Average TBC Number of
deposition T [K] samples

1256 2
1274 2
1276 6
1276 5
1278 5
1289 3
1292 3

Table 13.1: Details of the EB-PVD runs carried out for depositing TBC on 26 speci-
mens with a Pt-di�used bond coat

Figure 13.1: Lifetime, expressed as average, maximum and minimum for each of the
seven EB-PVD TBC run, as a function of the average ceramic deposition
temperature.
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There is no data available in the literature regarding the dependence of TBCs oxi-

dation lifetime as a function of the deposition temperature; thus this is believed to be

the �rst work investigating this aspect, at least in the public domain. Some limited

comparison can be drawn based on the data provided in the work of Wu et al., where the

oxidation performance of TBC systems on a CMSX-4 substrate and with a Pt-di�used

bond coat is described [24]. Wu's data di�er from the results presented here in that his

samples were manufactured within industrial setups (therefore the platinum layer was

deposited via electroplating) and his oxidation tests were performed at 1135◦C rather

than 1150◦C. In order to make a direct comparison, a di�usion based model developed

by Nicholls et al. [170] can be used to extrapolate the life of Wu's samples had his tests

been performed at 1150◦C. The calculated extrapolations have been plotted together

with all the data points obtained in the present work in �gure 13.2, where the whole

dataset has been modelled adopting a 2-parameters Weibull distribution (see chapter 5

for details of the analysis).

The R2 value is often used to measure how well a distribution �ts the experimental

data. The Weibull plot in �gure 13.2 shows a R2 value higher than 97% , which means

that more than 97% of the variation in the data is represented by the �t of the trend

line. Such a good �t of the experimental data con�rms that the 2-parameter Weibull

distribution can be adopted to model TBC systems life data, and that the custom made

samples produced on a laboratory scale at Cran�eld University represent very well those

produced in the industrial processes.

SEM analysis of the TBC top surface highlighted a signi�cant variation of the colum-

nar structure with the deposition temperature. Three di�erent types of surface topog-

raphy have been identi�ed and are presented in Figure 13.3, which includes the mi-

crographs of the top surface of TBC deposited at 1256K (�gure 13.3A), 1278K (�gure

13.3B) or 1298K (�gure 13.3C). The type of column tops depicted in �gure 13.3A are

cusped, whereas the other two have the typical pyramidal shape. Grain dimension in

�gure 13.3C varies over a wider range of sizes with predominantly large elements.

On the basis of these observations, the seven EB-PVD runs and the seven sets of

samples can be divided into three groups:

� Runs carried out at `Low temperature' (1256K ± 2) - surface type as in �gure

13.3A;

� Runs carried out at `Medium temperature' (1276K±2) - surface type as in �gure

13.3B;
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Figure 13.2: Lifetime analysis conducted on a population of samples including speci-
mens studied in the present work (Cran�eld data) and results extrapo-
lated from literature (Wu et al. data [24])

Figure 13.3: SEM micrographs of the top surface of TBC deposited at three di�erent
temperature: A) 1256K, B) 1278K, C)1289K.
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� Runs carried out at `High temperature' (1291K ± 2) - surface type as in �gure

13.3C.

This classi�cation is re�ected in the notation used to identify each group of samples

(i.e. samples manufactured during any of the `Low temperature' runs are referred to

as `TBC deposition T=1256K'). Life data analysis was repeated within each of these

three groups, the resulting Weibull plots being shown in �gure 13.4 together with a

table reporting the values of β, η, B(10)life, and R2. The plots at 1276K and 1291K

show good �t of the data, with R2 values well above the minimum required to guarantee

goodness of �t (89% for the 1276K plot and 87% for the 1291K plot [166]).

Figure 13.4: Weibull plots of di�erent families of samples, classi�ed according to the
nominal ceramic deposition temperature.

The dashed line used in �gure 13.4 to represent the Weibull plot for the samples

deposited at 1256K points out that, for this group, not enough datapoints were available

to perform a full life data analysis, therefore its trend had to be hypothesized and

determined according to the following two step procedure (detailed in the subsequent

paragraphs):
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1. estimatingng the value of the shape parameter at 1256K (β1256), based on the

hypothesis that the Weibull shape parameter varies linearly with temperature;

2. �tting the general expression of the Weibull plot (y = β1256x − β1256ln(η1256))

through the experimental data to determine η1256.

Step 1 The β1256value is estimated assuming that the Weibull shape parameter is a

linear function of the TBC deposition temperature. The Weibull analysis, con-

ducted on the lifetime data at 1276K and 1291K, allows calculation of the β values

at these temperatures; in particular β1276 = 7.5 and β1291 = 6.2. In �gure 13.5,

these experimental data (�lled symbols) are plotted as a function of the TBC

deposition temperature and extrapolated with a linear model to β1256. The value

of β1256 determined through linear extrapolation at 1256K is 9.3.

Figure 13.5: Weibull shape parameter versus TBC deposition temperature. The solid
line in the diagram is an interpolation of the experimental data (β1276
and β1291) while the dashed line is a linear extrapolation of the data to
determine β1256.

Step 2 The value of β1256 allows to identify a family of parallel curves having equation:

y = 9.3x− 9.3ln(η1256) (13.1)

The Weibull plot at 1256K is the curve that provides the best �t to the limited
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experimental data at 1256K, the equation of which is:

y = 9.3x− 47.18 (13.2)

and it is drawn as a dashed line in �gure 13.4.

From this data and the experimental data at 1276K and 1291K, �gure 13.6 shows

the variation of the characteristic life and of the B(10)life as a function of the TBC

deposition temperature.

Figure 13.6: Variation of characteristic life and B(10)life as function of the TBC de-
position temperature

The diagram shows that a higher TBC deposition temperature results in an increase

of both η and B(10)life: in particular, raising the temperature from 1256K to 1291K

results in an increment of characteristic life from 160 cycles to 421 cycles and of B(10)life

from 125 cycles up to 293 cycles. Although both parameters increase linearly with the

temperature, B(10)life increases at a lower rate. This is believed to depend on the

reduction of the shape parameter with temperature showed in �gure 13.5, which shows

a monotonic decrease of β with the temperature.

Direct observation of the surface topology has demonstrated clearly that a change

in TBC deposition temperature results in a modi�cation of the resulting TBC struc-



E�ect of the TBC deposition temperature on the lifetime of TBC systems with a

γ + γ′ bond coat 137

ture. Variation of time to failure and life data reproducibility with ceramic deposition

temperature suggests that there must exist a link between these characteristics and

the TBC structure, the identi�cation of which is, however, very di�cult. XRD studies

conducted on ceramic layers with di�erent morphologies showed that the amount of

residual stress level in the as-deposited EB-PVD ceramics is negligible (no more than a

few hundred MPa) and therefore non in�uential on the TBC system lifetime[171]. How-

ever, this observation may not necessarily be translated directly in systems undergoing

cyclic oxidation.

In general, a high stress level within the TGO is believed to be the principal cause

of TBC failure. Such a stress, associated with the surface angulation, results in the

formation of out-of-plane stresses, the direction of which is normal to the ceramic/metal

interface eventually can cause the TBC to spall. Many factors contribute to the build

up of stress in the TGO, however two main mechanisms have been identi�ed: the oxide

layer growth and the thermal mismatch between the bond coat and the oxide scale.

The TBC systems analysed in this work are nominally identical in terms of substrate

surface �nish and bond coat chemical composition, therefore the contribution to the

total amount of residual stress in the TGO due to the oxide scale growth is expected

to be the same for all samples. On the other hand, the di�erent TBCs produced may

respond di�erently to the ageing phenomena taking place when the specimens are under

test, and it is plausible that the observed ceramic structures lose compliance at di�erent

rates upon ageing, with those deposited at lower temperature producing higher levels

of stress in the TGO due to the thermal mismatch with the bond coat.

It is possible that the structure produced by low temperature deposition is more

susceptible to spallation due to a low compliant ceramic, which causes all these samples

to fail within a relatively small range of cycles and according to the same mechanism.

A variation in deposition temperature might induce a shift in the predominant mech-

anism for TBC spallation, with other temperature (and time) dependent mechanisms

contributing to the failure of those deposited at higher temperature.

To date these hypothesis have not found experimental con�rmation, and a detailed

analysis of the level of stress in the TGO in the as-deposited condition and its evolution

during oxidation would be required. This would require a high temperature XRD study,

which is not available at Cran�eld University and is beyond the work anticipated in

this thesis.
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13.1 Conclusions on the role of the TBC deposition

temperature on the lifetime of TBC systems with

a γ + γ′ bond coat

The 2-parameter Weibull distribution can be used successfully to model the time to

failure of TBC systems with a Pt-di�used bond coat. It has been demonstrated that the

specimens manufactured for the present work, although produced according to a custom

made production procedure, can be used as a good representation of the industrial

product. In fact, they belong to the same population as those manufactured according

to the standard commercial procedure, albeit with di�erent methods to deposit the Pt

layer used to form the bond coat.

The experimental analysis carried out in the present study has shown that the

ceramic deposition temperature has a signi�cant e�ect on the TBC system lifetime.

Within the interval of temperature usually adopted for the ceramic deposition via EB-

PVD, an increase of the deposition temperature from 1256K to 1291K may more than

double both the characteristic life and the B(10)life. Moreover, a closer control on the

TBC deposition temperature may result into an increase of β from 4 up to 9.3.

From a structural point of view, a variation of ceramic deposition temperature

results in the deposition of a TBC layer with di�erent morphologies; the e�ect of the

ceramic structure on the TBC system lifetime needs further investigation. The study

of the stress evolution within TGO at di�erent stages of the cycle test is also desirable.



Chapter 14

In�uence of substrate surface

preparation on the lifetime of TBC

systems with a γ + γ′ bond coat

This section aims at investigating the e�ect that the substrate surface preparations

have on the lifetime of TBC systems with a Pt-di�used bond coat by comparing the

life data of a total of 80 specimens. The sample manufacture procedure consisted of

coating the substrates with a 10± 0.5µm thick layer of Pt with a DLR structure, heat

treating the coupons at 1190◦C for 1 hour and then coating them with Y-PSZ. The

manufactured TBC systems were eventually tested in cyclic oxidation at 1150◦C . The

only nominal di�erence among the 80 specimens is the substrate surface preparation

before Pt deposition, which is summarised in table 14.1 and detailed in the following

paragraphs. Disk-shaped coupons were used as substrates for the studied TBC systems;

such coupons were obtained by slicing CMSX-4 superalloy rods via Wire Electrical Dis-

charge Machining (WEDM). During the cutting procedure the superalloy experiences

signi�cant heating across the cut, which results in the formation of a layer of recast

material on the coupon surfaces. Such a type of surface, identi�ed as WEDM surface,

is the surface �nish of the substrate in the as-received conditions (table 14.1- column

1).

Before Pt deposition, the substrates were submitted to a surface preparation proce-

dure that included either one or two steps (columns 2 and 3 in table 14.1). In the single

step procedure, the WEDM surface was either ground or grit blasted as described in

sections 6.2.1 and 6.2.2, respectively. In the two-step procedure, the samples were �rst

139
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As-received substrate Surface preparation Number Sample
surface �nish Step 1 Step 2 of samples ID

WEDM surface none grit blasting at 0.05MPa 8 0.05-n
WEDM surface none grit blasting at 0.1MPa 9 0.1-n
WEDM surface none grit blasting at 0.2MPa 14 0.2-n
WEDM surface none grit blasting at 0.4MPa 12 0.4-n
WEDM surface polishing grit blasting at 0.05MPa 3 P0.05-n
WEDM surface polishing grit blasting at 0.1MPa 2 P0.1-n
WEDM surface polishing grit blasting at 0.2MPa 2 P0.2-n
WEDM surface polishing grit blasting at 0.4MPa 2 P0.4-n
WEDM surface none grinding (B46 wheel) 14 B46-n
WEDM surface none grinding (B91 wheel) 14 B91-n

Table 14.1: Summary of specimens surface preparation including total number of sam-
ples manufactured for each surface �nish and samples identi�cation codes

polished to a mirror �nish and then grit blasted as described in section 6.2.2. The total

number of specimens tested for each surface �nish and the sample identi�cation code

are listed in columns 4 and 5 of table 14.1. The sample labels comprise two parts: the

�rst refers to the surface preparation for the group of specimens, while the second is

a serial number; e.g. the code P0.05-3 refers to the sample number 3 of the series of

surface polished coupons grit blasted at 0.05MPa.

14.1 TBC systems characterisation at di�erent stages

of the manufacture

Figure 14.1 shows 3D optical images of a ground (left) and grit blasted (right) surface

obtained using a confocal optical microscope. The grit blasted surfaces do not show any

particular pattern, whereas the ground surfaces are characterised by a series of grooves

running parallel to each other; the main direction of which is de�ned as the lay of the

surface irregularities.

The substrate surface texture is not erased by the manufacture of the bond coat, the

surface of which seems to replicate closely that of the substrate. Figure 14.2 shows the

cross section micrographs of the Pt-di�used bond coat produced on a ground surface

(�gure 14.2A) and on a grit blasted surface (�gure 14.2B). Di�erent surface �nishes

do not a�ect the bond coat formation; in both cases, in fact, the bond coat consists of

25µm of a Pt enriched layer which shows two distinct phases. Analysis by EDX revealed
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Figure 14.1: 3D optical images of a ground (left) and grit blasted (right) substrate
surface

that the lighter phase is Pt-enriched γ′−Ni3Al and that the dark phase is Pt-enriched

γ −Ni. In comparison to the γ′ phase, the γ phase contains a lower amount of Pt and

Al, but a higher amount of Cr, Co and W impurities. These results are in agreement

with previous studies conducted on similar TBC systems [172]. The coating deposited

on the grit blasted surface (�gure 14.2B) shows dark inclusions roughly aligned along its

middle plane. Such inclusions are residues of the alumina grits used during the substrate

blasting process, and, in fact, cannot be observed in the bond coat manufactured on

the ground surface (�gure 14.2A).

Figure 14.2: SEM micrographs of the cross section of a γ + γ′ bond coat deposited
on a ground surface (A) and on a grit blasted surface (B). The latter
micrograph shows the presence of dark inclusions at a distance of ap-
proximately 50% from the TGO/bond coat interface. Such inclusions
are residues of the alumina grits used during the substrate blasting pro-
cess.

Figure 14.3 shows the concentration pro�les of the γ + γ′ bond coat on a ground

surface (�gure 14.3A) and on a grit blasted surface (�gure 14.3B) as a function of

the distance from the TGO/bond coat interface. The compositional analysis reveals

that only the Pt pro�les show some limited di�erence, while the content of the other
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components is quite similar between the two types of TBC systems.

Figure 14.3: EDX compositional analysis of the cross section of a γ + γ′ bond coat
deposited on a ground surface (A) and on a grit blasted surface (B).

The bond coat production is followed by the ceramic deposition; a well established

practice prescribes grit blasting the bond coat before performing such operation. This

step aims at cleaning the bond coat surface from any eventual oxide or contaminant,

and it is typically carried out using a medium size of 220grit and a pressure of 0.14MPa

(20psi). In this study, the bond coat surfaces were not grit blasted before TBC depo-

sition in order not to introduce any modi�cation in the surface �nish.

The TBC manufacture via EB-PVD requires constant rotation of the samples holder

during the ceramic deposition (see section 4.3.2). The orientation of the specimens

surface, with respect to the rotation axis of the samples holder, is irrelevant for isotropic

surfaces such as the grit blasted surfaces; nevertheless, it may have an in�uence on the

lifetime of TBC systems if the substrate has been ground. Therefore, during ceramic

deposition, half of the samples for each type of ground surface �nish were placed with

the lay parallel to the rotation axis of the samples holder, and the other half with

the lay perpendicular. As a result, at the end of the manufacturing procedure, the

initial 28 samples were divided into four groups identi�ed as: Coarse-parallel (or B91-

parallel), Coarse-perpendicular (or B91-perpendicular), Fine-parallel (or B46-parallel),

and Fine-perpendicular (or B46-perpendicular).

Figure 14.4 shows the top surface of a TBC deposited on three di�erent surfaces.

On ground samples, the lay of the irregularities is still visible after ceramic deposition,

although it is more evident on coarse surfaces (�gure 14.4B) than on �ne surfaces (�gure
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14.4A). No di�erence was observed between samples having the lay perpendicular or

parallel to the rotation axis. As expected, the columns grown on grit blasted surfaces

do not show any pattern (�gure 14.4C).

Figure 14.4: SEM micrographs of the top surface of a EB-PVD TBC deposited on
three di�erent surfaces: A) �ne ground surface; B) coarse ground surface;
C) grit blasted surface.

14.2 Cyclic oxidation test results

All manufactured specimens were tested under cyclic oxidation at 1150◦C. Figure 14.5

shows the life data as a function of the substrate surface preparation. Each column

in the diagram corresponds to a single type of surface as indicated in table 14.1 and

reports average, maximum, and minimum values of lifetime. Columns are colour coded

according to the category to which the single type of surface belongs: ground, polished

and grit blasted (polished+grit blasted), or grit blasted only.

The ground surfaces are the worst performing. Within this category, the time to

failure is not signi�cantly a�ected neither by the change in surface texture, nor by the

direction of the lay with respect to the rotation axis. In comparison to the other ground

surfaces, a slight improvement in life was observed in coarse samples with the lay parallel

to the rotation axes. The substrate surface preparation has a major in�uence on the

life of grit blasted surfaces. Regardless of the pre-blasting surface treatment, the two

categories of grit blasted surfaces show a similar dependence of the life from the blasting

pressure: increasing the pressure results in an incremental increase, up to a factor of

almost 7, of the TBC time to failure. Polishing the surface before grit blasting has a

detrimental e�ect on the lifetime: all the polished+grit blasted surfaces, in fact, show

a life up to 4 times shorter than that of the correspondent grit blasted only surface.

The two step procedure was found to reduce the scatter in lifetime data. All the grit
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Figure 14.5: Average lifetime as a function of surface preparation. Each column cor-
responds to a single type of surface and reports average, maximum, and
minimum values of lifetime expressed as a number of cycles to failure.
Columns are colour coded according to the category to which the type of
surface belongs: ground, polished and grit blasted or grit blasted only.

blasted only surfaces, in fact, show quite a poor reproducibility, with a lifetime scatter

that can be of the same order of magnitude of the average life. However, it should be

pointed out that such a high variability in life within each surface �nish may have more

than one single contributing factor other than the substrate surface preparation.

In chapter 13 it was highlighted that the ceramic deposition temperature has a

signi�cant in�uence on the TBC system lifetime. Therefore, the data in �gure 14.5

were replotted as a function of the TBC deposition temperature for the four di�erent

grit blasting pressures; the resulting diagram is shown in �gure 14.6. This diagram does

not include ground and polished+grit blasted surfaces because these two categories of

samples were coated adopting only a single deposition temperature (1276K).

Grouping the specimens according to the ceramic deposition temperature resulted in

a signi�cant reduction in life scatter for the specimens the substrates of which were grit

blasted at 0.2MPa and 0.4MPa. On the other hand, the scatter reduction is limited

in TBC systems with a 0.1MPa surface, and absent in specimens with a 0.05MPa

surface. Therefore, it can be concluded that the latter category might have a lifetime

independent of the ceramic deposition temperature.

Similarly to �gure 14.5, �gure 14.6 shows that the blasting pressure in�uences the
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Figure 14.6: Average lifetime as a function of the TBC deposition temperature for four
di�erent surface �nishes. Each column reports the number of specimens
tested as well as the average, maximum and minimum values of lifetime
expressed as number of cycles to failure. Columns are colour coded
according to the pressure adopted during the blasting procedure.

TBC systems lifetime; however, such an e�ect is only signi�cant at high TBC deposition

temperature: at 1256K the life is almost independent of the surface �nish. For each

TBC deposition temperature the samples grit blasted at 0.2MPa and 0.4MPa appear

to have a comparable life, and all of the 0.4MPa specimens have a life within the scatter

of the 0.2MPa category. As a consequence, it is believed that these two surface �nishes

may well belong to the same samples population.

14.3 Post failure analysis

After failure of the TBC system, SEM and EDX analysis were carried out on both

fracture surfaces (i.e. on the exposed substrate surface and on the bottom side of

the spalled ceramic �ake) to investigate the crack failure path. Figure 14.7 includes

micrographs of the substrate exposed surface (�gure 14.7A) and of the bottom side of

the TBC spalled fragment (�gure 14.7B) for a TBC system with a ground substrate.

Generally speaking, TBC systems with a ground surface fail at the bond coat/TGO

interface. The crack runs along the interface leaving the bond coat evident on the sub-

strate (indicated by `BC' in �gure 14.7A) and the TGO at the back of the spalled TBC
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Figure 14.7: Post failure SEM analysis of a TBC system with a ground surface: A)
substrate exposed surface and B) bottom side of the ceramic spalled
fragment.

(�gure 14.7B). However, while the failure leaves a perfectly bare bond coat on the sub-

strate of TBC systems with a �ne ground surface, some traces of ceramic can be found

embedded into the bond coat of TBC systems with a coarse surface. To investigate

this slightly di�erent failure path, SEM analysis were carried out on metallographically

prepared cross sections of a TBC system with a �ne surface (�gure 14.8A) and a coarse

surface (�gure 14.8B) before failure. The specimens were cut perpendicularly to the

lay of the irregularities.

Unfortunately, perhaps due to the shrinkage of the mounting resin during prepara-

tion of the microscopy samples, the TBC in all examined samples was fully debonded

from the bond coat, making it impossible to study cracks nucleation. Figure 14.8A

shows that the TBC system with a �ne �nish has an almost �at bond coat/TGO inter-

face; the surface undulations are, in fact, barely visible. On the other hand, the TBC

systems with a coarse �nish show a rougher interface, the surface is characterised by

pronounced peaks spaced by an almost �at pro�le (see �gure 14.8B). These features

are believed to play a key role in crack propagation. In specimens with a �ne �nish,

the very smooth surface allows the cracks, initiated at the bond coat/TGO interface,

to propagate and to coalesce without being stopped. In specimens with a coarse �nish,

instead, the crack failure path is interrupted by the presence of the peaks on the bond

coat surface. Due to the sudden change in curvature of the surface, the cracks are forced

to run through the TBC. This results in a longer time to failure and in the presence of

TBC fragment on the bond coat after failure (see arrows in �gure 14.8B). Due to the

peculiar pattern in the surface irregularities, the TBC fragments are aligned and �ll the
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troughs of the bond coat surface.

Figure 14.8: SEM micrographs of the cross section of a TBC system with a �ne ground
surface (A) and a coarse ground surface (B).

A similar investigation was conducted on TBC systems with grit blasted surface:

�gure 14.9 includes micrographs of the exposed substrate surface (�gure 14.9A) and

of the bottom side of the spalled TBC fragment (�gure 14.9B). The substrate surface

is characterised by large areas of exposed bond coat in which several islands of TBC

surrounded by TGO are embedded. The analysis of the spalled fragment revealed that

the back face is almost completely covered by the TGO layer, with only limited areas

of ceramic left visible. These observations con�rm the crack propagation mechanism

suggested above, and the higher amount of TBC residues found on the substrate surface

suggests that the crack path deviates from the bond coat/TGO interface more often

when the substrate surface has a rougher �nish.

Figure 14.9: Post failure SEM analysis of a TBC system with a grid blasted surface:
A) substrate exposed surface and B) bottom side of the ceramic spalled
fragment.
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14.4 Conclusions on role of surface preparation on the

lifetime of TBC systems with a γ + γ′ bond coat

The substrate surface texture does not change the composition or the aspect of the bond

coat, but it changes the TBC system failure mode. The lifetime of TBC system with

a Pt-di�usion bond coat is strongly in�uenced by the surface texture of the substrate.

An anisotropic surface obtained by grinding the substrate surface was shown to be

detrimental for the TBC system lifetime. The longest life is achieved by adopting an

isotropic surface obtained by grit blasting of the surface. For this category of specimens,

the lifetime increases by increasing the blasting pressure.

The history of the substrate in�uences the lifetime too. Polishing the surface before

grit blasting may reduce the TBC system lifetime up to a factor of 7. In this category of

specimens, the highest blasting pressure adopted (0.4MPa) allows an increment in life,

but the achieved improvement is still a factor 2 lower than the corresponding unpolished

surface.

Post-mortem direct observation of the failure surfaces suggests that deviation of the

crack propagation path from the TGO/bond coat initial interface is responsible for the

improved lifetime of the grit blasted samples. The overall conclusion is that, in general,

a coarser substrate surface �nish promotes a longer lifetime, all other variables being

the same.



Chapter 15

E�ect of substrate surface texture on

the lifetime of TBC systems with a

γ + γ′ bond coat

Chapter 14 highlighted that the substrate surface preparation and the resulting surface

�nish have a signi�cant e�ect on the TBC resistance to spallation. Moreover, within a

group of ten di�erent procedures, two methods were identi�ed as the most suitable for

manufacturing TBC systems with improved performance; they consist of grit blasting

a WEDM surface either at 0.2MPa or at 0.4MPa. However, these procedures are not

easily applicable on an industrial scale. The WEDM surface is the result of a speci�c

cutting process and therefore is very di�erent from the surface of a turbine blade. The

blasting procedure itself may as well be quite di�cult to be replicated closely. Some

process variables such as the particulate incident angle, the surface/gun nozzle distance,

or the type of medium are relatively easy to control, whereas others, which also in�uence

the process outcome, are extremely di�cult to monitor and may jeopardise the surface

reproducibility. Examples of these variables are: the amount of medium in the blaster,

the shape of the grits, the amount of contaminant in the medium resulting from previous

blasting operations, as well as the type of equipment adopted and the experience of the

operator.

This chapter aims at assessing quantitatively the surfaces machined in chapter 14,

looking for a measurable characteristic of the surface which can be correlated to the

TBC system lifetime. The study was carried out comparing the life of 80 specimens, the

manufacture of which was described in chapter 14. The substrate surface preparation

149
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followed before the Pt deposition is summarised in table 14.1 on page 140.

15.1 Surface texture assessment

The specimens surface texture was assessed with a laser pro�lometer at two stages in

the manufacturing procedure: after completing the substrate surface preparation, be-

fore Pt deposition, and after Pt deposition plus heat treatment. Assessment involved

scanning the sample surface along the direction perpendicular to the lay of the irregu-

larities (see section 10.1.2). The surface of the ground samples was assessed with four

measurements running perpendicular to the lay and evenly distributed over the surface.

Each measurement was done over a length of 10mm and provided a representation of

the surface pro�le. The surface of grit blasted surfaces, whose irregularities do not have

a particular lay, was assessed with eight measurements, evenly distributed over a 10mm

side square grid.

The obtained pro�le, referred to as raw pro�le, was �ltered with a low-high pass �l-

ter, according to the BS ISO 4288:1998 and BS ISO 3274:1998 standards. The �ltered

pro�le, modi�ed pro�le, was used to determine a set of surface roughness parameters.

At the completion of the surface assessment procedure, each ground sample was char-

acterised by 4 sets of roughness parameters, while each grit blasted sample by 8 sets.

Finally, for each sample, the average, minimum, and maximum values of each parameter

were calculated.

For the purpose of this study, three statistical parameters were chosen to characterise

the substrate surface roughness (BS EN ISO 4287:2000):

� the root mean square roughness, Rq

� the tortuosity, τ

� the root mean square average wavelength of the surface undulations, Rlq.

The parameter Rq is proportional to the pro�le amplitude, although the exact relation-

ship depends on the speci�c geometry of the undulations:

Rq =

√
1

lr

∫ lr

0

Z2(x)dx (15.1)

where Z(x) is the height of the assessed pro�le at any position x, and lr is the sampling

length.
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The parameter τ is a measure of the increase of the surface pro�le due to the blasting

procedure:

τ =
RL0

L
(15.2)

where RL0 is the actual length of the pro�le and L the projected pro�le length.

The parameter Rlq is determined by combining both the amplitude and the spac-

ing parameters of the pro�le. Rlq provides a measure of the spacings between local

peaks and valleys, taking into account their relative amplitudes and individual spatial

frequencies. Numerically:

Rlq = 2Π
Rq

∆q

(15.3)

where ∆q is the root mean square slope de�ned as ∆q =
√

1
lr

∫ lr
0

(dz(x)
dx

)2dx .

15.2 Grit blasted surfaces

15.2.1 Before Pt deposition surface assessment: surface param-

eters versus grit blasting pressure

Figures 15.1, 15.2 and 15.3 show the root mean square roughness (Rq), the tortuosity

(τ), and the average wavelength (Rlq) for a total of 33 grit blasted specimens before

Pt deposition. The surface preparation for these samples involved grit blasting of the

WEDM surface (without polishing). In the diagrams, each column corresponds to a

single specimen and includes: the average, the maximum and the minimum value of

the roughness parameter in consideration. Columns are colour coded according to the

pressure adopted during the blasting procedure.

All diagrams show a small spread in roughness data measured at di�erent locations

within the same specimen, which is expected for this kind of measurement. The lim-

ited data spread indicates that the surface irregularities are homogeneously distributed

over the analysed substrate surface, con�rming that the average value of each param-

eter can be considered as a meaningful representation of each sample surface texture.

Equivalent conclusions in terms of repeatability of the results can be drawn from the

analysis of the set of samples whose WEDM surface was polished before grit blasting:

the Rq, τ , and Rlq diagrams, reported in Appendix A, show very limited data spread

for all measured parameters. However, �gures 15.1, 15.2 and 15.3 show that the pa-

rameters may not change within each sample but they change signi�cantly from sample
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Figure 15.1: Root mean square roughness (Rq) value of the grit blasted samples before
Pt deposition: each column corresponds to one sample and plots the
average, minimum and maximum Rq value.

Figure 15.2: Tortuosity (τ) value of the grit blasted samples before Pt deposition:
each column corresponds to one sample and plots the average, minimum
and maximum τ value.
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Figure 15.3: Root mean square average wavelength (Rlq) value of the grit blasted
samples before Pt deposition: each column corresponds to one sample
and plots the average, minimum and maximum (Rlq) value.

to sample within the same group. This di�erence re�ects batch to batch variation in

samples preparation: coupons manufactured within the same batch, in fact, tend to

share equivalent roughness values while samples belonging to di�erent batch may have

signi�cantly di�erent surface texture.

Figures 15.4, 15.5 and 15.6 show the variation of the roughness parameters (averaged

within each batch) measured before Pt deposition as a function of the blasting pressure,

for di�erent batches and surface preparation processes.

The grit blasted only samples and the polished+grit blasted samples follow di�erent

Rq pro�les (�gure 15.4). The former show a steep reduction in Rq (although with

di�erent, batch dependent rates) when the blasting pressure is increased up to 0.2MPa,

while, for higher pressure, Rq plateaus at values between 1.3 and 1.4µm. This suggests

that, at pressure higher than 0.2MPa, the pro�le amplitude becomes less sensitive

to pressure variations and to di�erences between batches. The polished+grit blasted

samples show in the whole range of pressure analysed an increase in Rq; such increment,

however, is not constant, but it occurs at a rate that slowly decreases with increasing

blasting pressure. This may indicate that also this category of samples will reach

eventually an Rq plateau value of ∼ 1.3µm, although possibly at pressure levels outside

the range investigated here.
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Figure 15.4: Rq (measured before Pt deposition) for three batches of coupons plotted
as a function of grit blasting pressure

Figure 15.5: τ (measured before Pt deposition) for three batches of coupons plotted
as a function of grit blasting pressure
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Figure 15.5 shows that the two batches of grit blasted only specimens share a similar

tortuosity trend: τ initially decreases, to start increasing over 0.2MPa. The tortuosity

of the polished samples instead steadily increases with the blasting pressure, and, over

0.2MPa, it is comparable to that of the grit blasted only specimens. Therefore, above

0.2MPa the tortuosity is only a function of the blasting pressure.

Figure 15.6: Rlq (measured before Pt deposition) for three batches of coupons plotted
as a function of grit blasting pressure

The trends of the Rlq pro�les shown in �gure 15.6 are qualitatively equivalent to

those of Rq: values are initially very sensitive to the grit blasting pressure, only to

stabilise at higher pressure, both in case of polished and non polished samples.

To appreciate better the e�ect of the blasting pressure on the surface texture, �gure

15.7 compares the pro�le of a 0.05MPa surface (�gure 15.7A) and that of a 0.4MPa

surface (�gure 15.7B). The 0.05MPa surface is characterised by sharp troughs super-

imposed onto a pseudo-sinusoidal pro�le with a ∼ 130µm wavelength. Similar sharp

troughs are present on the 0.4MPa surface, but the pro�le is generally �atter. The

di�erence between the two textures is visible in �gure 15.8, which includes micrographs

of the two surfaces taken at an angle of 45◦. While the 0.4MPa surface appears �at and

relatively homogeneous (�gure 15.8B), the 0.05MPa surface shows an array of ridges

(�gure 15.8A) the spacing of which corresponds to the sinusoidal wavelength identi�ed

in �gure 15.7A. Optical inspection of grit blasted surfaces highlighted that the ridges are
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Figure 15.7: Pro�les of a 0.05MPa surface (A) and of a 0.4MPa surface (B). The
measures are in microns

Figure 15.8: Secondary electrons micrographs of the 0.05MPa surface (A) and of the
0.4MPa surface (B) inclined by 45◦
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visible on all the 0.05MPa and the 0.1MPa surfaces, although they are less marked

on the latter. All specimens grit blasted at either 0.2MPa or 0.4MPa appear �at.

Such a pressure dependent di�erence in surface texture is believed to be linked to a

lower e�ciency of the low pressure blasting �ux in carrying the blasting medium, which

causes random agglomerates of grits to hit the surface, locally removing only some of

the surface asperities and causing the ridges formation (�gure 15.8A). Increasing the

blasting pressure results in a more homogeneous distribution of the grits in the blasting

�ux and in higher energy impacts. As a result, the process allows to knock out all

surface irregularities and to obtain a �atter surface (�gure 15.8B). An equivalent result

can be achieved also at low pressure by increasing the blasting time or by reducing the

distance between the nozzle and the surface. Such modi�cations are believed to be the

main cause of the batch to batch variation observed in �gures 15.4, 15.5 and 15.6 for

specimens grit blasted at low pressure.

Actually, the same procedure was followed to grit blast all samples, but the operator

dependency of the fully manual blasting process as well as the fact that two consecutive

batches of samples might have been produced over a relatively long time span, might

have introduced small but signi�cant variations in the process. Such variations do not

a�ect the surface achieved when a high pressure is adopted, due to the fact that impacts

are so energetic that a �at surface is obtained after just a few seconds of blasting; on

the other hand, they in�uence the surfaces grit blasted at low pressure as they cause a

variable material removal which translates in a poor repeatability in surface �nish.

These considerations are also valid when a polished surface is grit blasted. The

polishing procedure removes all the irregularities of the WEDM surface and an almost

perfectly smooth surface is obtained. The following grit blasting at low pressure barely

modi�es the specimen surface re-introducing some irregularities; however, the surface

is still very smooth (�gure 15.4, 15.5 and 15.6). The amount of asperities introduced

increases with increased blasting pressure and, for a pressure of 0.4MPa, the surface is

not signi�cantly dissimilar from that achieved adopting the same pressure on a WEDM

surface.

15.2.2 After Pt di�usion surface assessment: bond coat surface

parameters versus grit blasting pressure

In the TBC system manufacturing procedure, the Pt deposition is followed by a heat

treatment which allows the Pt to di�use in the substrate, thereby forming the Pt-
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di�used bond coat. Figures 15.9, 15.10 and 15.11 show Rq, τ , and Rlq for a total of 33

grit blasted specimens at this stage of the manufacturing. Contrary to the procedure

adopted in the industrial practice, the manufactured procedure adopted in this study

does not contemplate any grit blasting of the specimens surface between the di�usion

heat treatment and the ceramic deposition. Therefore, measuring the surface texture

of the specimens after heat treatment corresponds to the assessment of the bond coat

surface before the EB-PVD TBC deposition. In the diagrams, each column corresponds

to a single specimen and includes: the average, the maximum and the minimum value

of the roughness parameter in consideration. Columns are colour coded according to

the pressure adopted to grit blast the substrate before Pt deposition.

Figure 15.9: Rq value of the grit blasted samples after heat treatment; each column
corresponds to one sample and report the average, the minimum and the
maximum Rq value.

Similarly to that observed for the roughness values before Pt deposition, all diagrams

show a small spread in roughness data within the same specimen, therefore the average

value of each parameter can be considered as a meaningful representation of each sample

surface texture. Moreover, coupons manufactured within the same batch still tend to

share equivalent roughness values. Equivalent conclusions in terms of repeatability of

the results can be drawn from the analysis of the set of samples whose WEDM surface

was polished before grit blasting: the Rq, τ , and Rlq diagrams, reported in Appendix

B, show very limited data spread for all measured parameters.

Figures 15.12, 15.13 and 15.14 show the variation of the roughness parameters (av-
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Figure 15.10: Tortuosity (τ) value of the grit blasted samples after Pt di�usion: each
column corresponds to one sample and plots the average, minimum and
maximum τ value.

Figure 15.11: Root mean square average wavelength (Rlq) value of the grit blasted
samples after Pt di�usion: each column corresponds to one sample and
plots the average, minimum and maximum (Rlq) value.



160
E�ect of substrate surface texture on the lifetime of TBC systems with a γ + γ′ bond

coat

eraged within each batch) measured after heat treatment as a function of the blasting

pressure, for di�erent batches and surface preparation processes (batch A and B are

two randomly selected batches of specimens produced according to an equivalent grit

blasting procedure).

Figure 15.12: Rq (measured after Pt di�usion) for three batches of coupons plotted
as a function of the pressure adopted to grit blast the substrate before
Pt deposition

The trends of all roughness parameters are qualitatively equivalent to those of the

correspondent parameters measured before Pt deposition, both in case of polished and

non polished samples. However, grit blasted only samples show less variation in rough-

ness values between di�erent production batches.

15.2.3 Surface texture evolution: comparison between substrate

and bond coat surface parameters

Figures 15.15, 15.16 and 15.17 show how the samples surface texture changes from the

pre-sputtering to the after heat treatment conditions. The evolution is described in

terms of variation of Rq, τ , and Rlq (indicated as ∆Rq, ∆τ , and ∆Rlq, respectively)

plotted as a function of the blasting pressure, for three di�erent batches of samples and

for di�erent surface preparations. In the diagrams, each column represents the di�erence



E�ect of substrate surface texture on the lifetime of TBC systems with a γ + γ′ bond
coat 161

Figure 15.13: τ (measured after Pt di�usion) for three batches of coupons plotted as
a function of the pressure adopted to grit blast the substrate before Pt
deposition

Figure 15.14: Rlq (measured after Pt di�usion) for three batches of coupons plotted
as a function of the pressure adopted to grit blast the substrate before
Pt deposition
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between the average value of the roughness parameter in consideration, assessed after

heat treatment, and the corresponding value before Pt deposition.

All diagrams show that the value of the roughness parameters increases after dif-

fusion. The increment in Rq and τ may be batch dependent, while it is almost in-

dependent of the blasting pressure within each batch. The increments in Rlq have a

more erratic appearance, however, the increase in wavelength suggests that some of the

existing irregularities in the pre-sputtering surface do not evolve into large undulations

but disappear under the Pt deposit. This means that, although the Pt layer follows the

substrate geometry, the sputtering process itself introduces a certain level of asperities

which combine with the already existing substrate roughness.

Figure 15.15: Increment of the Rq value for three batches of coupons. The incre-
ment is determined as the di�erence between the Rq measured after Pt
di�usion and the corresponding value measured before Pt deposition.
∆Rq is plotted as a function of the pressure adopted to grit blast the
coupons before sputtering the Pt.

15.2.4 Correlation between surface roughness parameters and

TBC system lifetime

Figure 15.18 shows the variation of the specimens lifetime as a function of the Rlq

of the surface before Pt deposition, for three di�erent TBC deposition temperatures.

This classi�cation takes in consideration the results illustrated in chapter 13 where it
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Figure 15.16: Increment of the τ value for three batches of coupons. The increment is
determined as di�erence between the τ measured after Pt di�usion and
the corresponding value measured before Pt deposition. ∆τ is plotted
as a function of the pressure adopted to grit blast the coupons before
sputtering the Pt.

Figure 15.17: Increment of the Rlq value for three batches of coupons. The increment
is determined as di�erence between the Rlq measured after Pt di�usion
and the corresponding value measured before Pt deposition. ∆Rlq is
plotted as a function of the pressure adopted to grit blast the coupons
before sputtering the Pt.
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has been shown that the ceramic deposition temperature has an e�ect on the TBC

systems lifetime. The diagram includes data obtained from all grit blasted samples:

polished+grit blasted and grit blasted only specimens. Samples grit blasted at the

same pressure, but having a di�erent type of pre-blasting surface �nish (i.e. WEDM

or polished), are represented with the same symbol which is �lled for grit blasted only

samples and empty for polished+grit blasted specimens. Data points are colour coded

according to the TBC deposition temperature. In section 15.2.1 it was shown that

specimens grit blasted at the same pressure within each production batch share similar

roughness parameters; therefore, those specimens in �gure15.18 which were tested, but

the surface of which was not assessed, were given an Rlq value equal to the average Rlq

of their production batch.

Figure 15.18: Variation of the TBC system lifetime as a function of the substrate
surface Rlq, for three di�erent TBC deposition temperatures.

Grit blasting produces surface �nishes with an average wavelength between 11µm

and 64µm; in particular, those specimens with a polished pre-blasting surface have a

Rlq between 11µm and 22µm, while the grit blasted only samples have an Rlq be-

tween 22µm and 64µm. Therefore, although the blasting pressure adopted (0.05MPa,

0.1MPa, 0.2MPa , or 0.4MPa) is the same for both categories of samples, the pol-



E�ect of substrate surface texture on the lifetime of TBC systems with a γ + γ′ bond
coat 165

ishing treatment narrows the range of achievable wavelength, and shifts such a range

towards smaller Rlq values.

The whole Rlq range obtained can be divided into three main intervals, with peculiar

characteristics, spaced out by two further smaller intervals de�ned as `transition Rlq

ranges'. The main intervals are:

� Rlq < 15µm.

� 22µm ≤ Rlq ≤ 36µm

� Rlq > 43µm.

while the transition intervals are:

� 15µm ≤ Rlq ≤ 22µm

� 36µm ≤ Rlq ≤ 43µm

The Rlq < 15µm range includes specimens the surface of which was polished and then

grit blasted either at 0.05MPa or 0.1MPa. All samples in this range failed between 40

and 70 cycles.

The 22µm ≤ Rlq ≤ 36µm range includes samples grit blasted either at 0.2MPa

or 0.4MPa. In this range of wavelength the TBC system lifetime ranges between 148

cycles and 492 cycles. However, the scatter in life does not depend on the Rlq value,

but it is strictly dependent on the TBC deposition temperature.

The Rlq > 43µm range includes all samples grit blasted at 0.05MPa and one-third

of the specimens grit blasted at 0.1MPa. In this range of Rlq, the TBC system life data

varies between 108 cycles and 253 cycles. As opposed to the previous range, in this case

the TBC deposition temperature does not signi�cantly in�uence the TBC resistance to

spallation.

The transition 15µm ≤ Rlq ≤ 22µm range includes specimens the surface of which

was polished and then grit blasted either at 0.2MPa or 0.4MPa, while the 36µm ≤
Rlq ≤ 43µm range includes the remaining two-third of the specimens grit blasted at

0.1MPa. These two quite narrow Rlq intervals are similar in size and characterised

by a signi�cant scatter in lifetime. The specimens falling into these two ranges of

wavelength allow a continuous transition between the best performing samples, in the

22µm ≤ Rlq ≤ 36µm range, and the shorter-life samples in either the Rlq < 15µm

range or the Rlq > 43µm range.



166
E�ect of substrate surface texture on the lifetime of TBC systems with a γ + γ′ bond

coat

No quantitative correlation between lifetime and the other roughness parameters

(i.e. Rq and τ) were found; the diagrams are included in Appendix C.

15.2.5 Lifetime analysis

Section 15.2.4 showed that the TBC system lifetime depends on the roughness param-

eter (Rlq) of the substrate surface and that, in the range of wavelength investigated,

�ve Rlq intervals with common lifetime characteristics can be identi�ed. Section 13

showed that the lifetime is also dependent on the deposition temperature of the ce-

ramic. In this section, the 2-parameter Weibull distribution will be adopted to model

the life data for each interval of Rlq, and for three di�erent TBC deposition tempera-

tures. Figures15.19, 15.20, and 15.21 show the Weibull plots for three intervals of Rlq:

Rlq < 22, 22 < Rlq < 36, and Rlq > 36, respectively. The Rlq interval in �gures

15.19 and 15.21 is split further and the data are represented with an empty or �lled

symbol. In these diagrams, symbols with di�erent shapes are used to represent the dif-

ferent pressure values adopted to blast the substrate; in particular, a diamond is used

for 0.05MPa, a square for 0.1MPa, a triangle for 0.2MPa, and a circle for 0.4MPa.

The symbols are colour coded according to the TBC deposition temperature: blue for

1256K, orange for 1276K and green for 1291K. All these diagrams show evidence of a

very good �t between the experimental data and the calculated Weibull plots.

The characteristic life, the B(10)life and the shape parameter for the �ve Weibull

distributions identi�ed and plotted in the previous diagrams are compared in the charts

in �gures 15.22 and 15.23. Observation of �gure 15.22 shows that the Weibull plots of

the specimens in the transition Rlq intervals have similar η and B(10)life values. Such

values, in fact, are only marginally higher in the 36 < Rlq < 43 range in comparison

to the corresponding values in the 15 < Rlq < 22 range. The plots for the main Rlq

intervals, instead, show signi�cantly di�erent values for both the characteristic life and

the B(10)life, with the specimens in the 22 < Rlq < 36 range being the best performing.

Figure 15.23 shows that the Weibull plots in the two transition Rlq ranges share

similar β value (∼ 2.5). For this value of β, the Weibull pdf becomes almost symmetrical

and approaches the normal distribution [162]. Therefore, in the transition Rlq ranges,

the failure can be described as a random phenomenon, due to the coexistence of two

di�erent distributions. As already mentioned, in fact, specimens in these ranges may

have the characteristics of either the high performing or the low performing samples.
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Figure 15.19: Weibull plots including the lifetime of specimens with Rlq < 15 (empty
symbol) and 15 < Rlq < 22 (�lled symbol). Ceramic deposition tem-
perature was 1276K. For each Weibull plot, the table reports the values
of β, η, B(10)life and R2.
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Figure 15.20: Weibull plot including the lifetime of specimens with 22 < Rlq < 36;
the plot includes specimens which were coated at three di�erent TBC
deposition temperatures. The table reports the values of β, η, B(10)life
and R2.
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Figure 15.21: Weibull plots including the lifetime of specimens with 36 < Rlq <
43 (empty symbol) and Rlq < 43 (�lled symbol); each plot includes
specimens coated at three di�erent TBC deposition temperatures. For
each Weibull plot, the table reports the values of β, η, B(10)life and
R2.
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Figure 15.22: Characteristic life and B(10)life for the Weibull distribution as a func-
tion of Rlq intervals

In the three main Rlq intervals, the plots also share a similar shape parameter which

value varies between 4 and 4.9. A β value higher that 3.7 means that the selected pdf

has the characteristic of a Weibull distribution which is negatively skewed (see section

5.4.1.1). The similarity in β value means that the specimens in these intervals share a

similar failure mode that, in this case, is determined by the substrate surface roughness

and in particular by the value of the average wavelength.

However, while the surface texture is believed to be the main controlling factor

that causes the TBC system failure in the Rlq < 15 and Rlq > 43 intervals, in the

best performing Rlq range (22 < Rlq < 36) an optimization of the TBC deposition

temperature allows a further improvement of the TBC system performance. The time to

failure of the specimens in the 22 < Rlq < 36 interval were, therefore, divided according

to the temperature adopted during the TBC deposition, and a life data analysis was

performed on each group (�gure 15.24). The details of the procedure followed to build

the plots is described in chapter 13.

Figures 15.25 and 15.26 show the characteristic life, the B(10)life and the shape

parameter for the �ve Rlq intervals and for the three di�erent TBC deposition temper-

atures. In the optimum Rlq range strict control of the ceramic deposition temperature

allows an increase in β from 4 up to 9.3 (�gure 15.26) and the characteristic life from

352 to 421 cycles (�gure 15.25).
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Figure 15.23: Shape parameter for the Weibull distribution as a function of Rlq in-
tervals

15.3 Ground samples

The analysis carried out on the grit blasted specimens and presented in section 15.2

is performed here on ground samples. All �ne and coarse surfaces were assessed at

two di�erent stages of the TBC system manufacturing procedure: before Pt deposition

and after the bond coat forming heat treatment, and then compared in terms of the

roughness parameters Rq, τ , and Rlq. The sample to sample comparison is followed by

the comparison between the two types of surface (coarse versus �ne surface) and by the

life data analysis.

15.3.1 Ground surface characterisation before Pt deposition

Figure 15.27, �gure 15.28, and �gure 15.29 show Rq, τ , and Rlq for all ground surfaces

before Pt deposition. In the diagrams, each column corresponds to a single specimen

and includes the average, the maximum and the minimum value of the roughness pa-

rameter in consideration. Columns are colour coded according to their surface �nish.

All diagrams show a very limited data spread in roughness data within the same

specimen and a small spread within each of the two types of surface. These results are

not unexpected: the grinding procedure adopted to machine the samples is, in fact, a

recognised method for machining surfaces with a high degree of reproducibility.
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Figure 15.24: Weibull plots including the lifetime of specimens with 22 < Rlq <
36; each plot includes specimens which were coated at a similar TBC
deposition temperatures. For each Weibull plot, the table reports the
values of β, η, B(10)life and R2.
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Figure 15.25: Characteristic life and B(10)life for the Weibull distribution for the �ve
Rlq intervals and for three di�erent TBC deposition temperature

Figure 15.26: Shape parameter for the Weibull distribution for the �ve Rlq intervals
and for three di�erent TBC deposition temperature
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Figure 15.27: Rq value of the ground samples before Pt deposition; each column cor-
responds to one sample and report the average, the minimum and the
maximum Rq value.

Figure 15.28: Rlq value of the ground samples before Pt deposition; each column
corresponds to one sample and report the average, the minimum and
the maximum Rlq value.
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Figure 15.29: τ value of the ground samples before Pt deposition; each column cor-
responds to one sample and report the average, the minimum and the
maximum τ value.

Although all the ground samples share a similar pattern of surface irregularities, they

do not have equivalent surface roughness. In comparison to the �ne surface, the coarse

surfaces are characterised by undulations with higher peaks and shorter spacing, which

result in a higher Rq and a lower Rlq, respectively. However, the grinding procedure

in both cases results in a minor modi�cation of the substrate surface: in the coarse

specimens, the actual length of the surface pro�le is less than 3% longer than the

projected pro�le, while these two pro�les are almost identical in the �ne surfaces.

15.3.2 After heat treatment characterisation: bond coat surface

assessment

Figures 15.30, 15.31 and 15.32 show Rq, τ , and Rlq for all the machined ground surfaces

after heat treatment. Similarly to the procedure followed to produce TBC systems with

grit blasted surfaces, the surface of the specimens with a ground substrate was not grit

blasted before ceramic deposition, therefore, the data reported in �gures 15.30, 15.31

and 15.32 refer to the roughness parameters of the bond coat. In the diagrams, each

column corresponds to a single specimen and includes the average, the maximum and

the minimum value of the roughness parameter in consideration. Columns are colour

coded according to the substrate surface �nish before Pt deposition. All diagrams show
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that the bond coat manufacturing resulted in an increase in the spread of roughness

value both within each specimens and within each group of specimens.

Figure 15.30: Rq value of the ground samples after heat treatment; each column cor-
responds to one sample and reports the average, the minimum and the
maximum Rq values.

Figure 15.31: τ value of the ground samples after heat treatment; each column cor-
responds to one sample and reports the average, the minimum and the
maximum τ values.
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Figure 15.32: Rlq value of the ground samples after heat treatment; each column
corresponds to one sample and reports the average, the minimum and
the maximum Rlq values.

15.3.3 Comparison between substrate and bond coat surface

parameters in ground samples

For the two types of ground surface investigated, �gures 15.33, 15.34, and 15.35 show

the variation of the roughness parameters (averaged within each type of surface �nish)

measured before Pt deposition and after heat treatment. In comparison to the pre-

sputtering conditions, the bond coat on both �ne and coarse ground specimens show

higher Rq and τ ; Rlq, instead, remains unchanged for coarse surfaces while decreases

for �ne surfaces.

15.3.4 Correlation between surface roughness parameters and

TBC system lifetime

Figure 15.36 shows the variation of the specimens lifetime as a function of the Rlq

of the surface before Pt deposition. All specimens were coated at a TBC deposition

temperature of 1276K.

The two grinding procedures adopted produce surface textures with an average

wavelength between 33µm and 56µm. Due to the limited amount of di�erent types of

ground surfaces machined, it is impossible to identify any particular trend in the dia-
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Figure 15.33: Comparison of Rq (averaged for �ne and coarse surface �nish) measured
before Pt deposition and after heat treatment

Figure 15.34: Comparison of τ (averaged for �ne and coarse surface �nish) measured
before Pt deposition and after heat treatment
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Figure 15.35: Comparison of Rlq (averaged for �ne and coarse surface �nish) mea-
sured before Pt deposition and after heat treatment

gram between specimens lifetime and Rlq. For the same reason, no correlation between

the lifetime and the other roughness parameters can be observed (these diagrams are

included in Appendix D).

Observation of the diagram in �gure 15.36 indicates that all ground specimens have

an average wavelength which belongs to two of the three main Rlq intervals identi�ed

in �gure 15.18 on page 164. In particular, the �ne surfaces have an Rlq in the Rlq > 43

interval, while the coarse surfaces have Rlq in the 22 < Rlq < 36 range. Nevetheless,

in opposition to what was observed for grit blasted surfaces, ground surfaces belonging

to di�erent Rlq ranges do not show signi�cantly di�erent time to failure.

Further comparison between the diagrams in �gure 15.36 and in �gure 15.18 on

page 164 indicates that, although the ground surfaces share similar wavelengths with

the grit blasted surfaces, ground surface �nishes cause a lifetime reduction. Such a re-

duction exceeds a factor of 3 in the Rlq > 43 range and a factor of 4 in the 22 < Rlq < 36

interval. Given that in the latter range the systems lifetime is highly dependent on the

ceramic deposition temperature, the comparison was based only on those specimens

coated at equivalent temperature (1276K). It is believed that the di�erent performance

of the grit blasted and ground �nishes depend on the surface anisotropy which charac-

terises the latter.
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Figure 15.36: Variation of the TBC system lifetime as a function of the substrate
surface Rlq for ground specimens.

Lifetime analysis was carried out on the time to failure of the specimens falling into

the two Rlq intervals: 22 < Rlq < 36 and Rlq > 43. On the basis of the observations

above, such an analysis corresponds to the comparison between coarse and �ne surfaces.

The Weibull plots are presented in �gure 15.37. The two Weibull plots show good �t

of the data, with R2 values well above the minimum required to guarantee goodness of

�t (88% for both plots [166]).

15.4 Conclusions on role of surface texture on the

TBC system lifetime

In this chapter the surface texture obtained by ten di�erent surface preparation pro-

cedures was analysed to �nd a correlation between surface �nish before Pt deposition

and TBC system lifetime. Four of these procedures involved grit blasting a previously

polished surface, four of them consisted solely of grit blasting the specimens surface,

while the remaining two consisted of grinding the surface in one direction, to achieve

a bidimensional surface texture. The pressures adopted to grit blast the surface were

either 0.05MPa, 0.1MPa, 0.2MPa, or 0.4MPa while the ground surfaces were ma-
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chined adopting either a B91 or a B46 wheel. The surface texture for all the specimens

was assessed using a pro�lometer; three di�erent roughness parameters (Rq, Rlq and

τ) were chosen to characterise the surface.

Figure 15.37: Weibull plots including the lifetime of �ne and coarse ground specimens.
For each Weibull plot, the table reports the values of β, η, B(10)life and
R2.

Although the pressures adopted in the grit blasting procedure were the same for the

two groups of grit blasted surfaces, polishing the surface before grit blasting a�ected

the surface texture obtained, which appears smoother than that of the corresponding

non-polished category. Even the highest pressure adopted in this study (0.4MPa) was

ine�ective in erasing the specimens surface history. The pre-blasting treatment had

the advantage of increasing the surface texture reproducibility. The grit blasted only

specimens in fact showed a signi�cant batch to batch variation in surface texture, par-

ticularly when grit blasted at lower pressure (0.05MPa and 0.1MPa). Such a variation

is believed to depend on the fact that the blasting procedure was a fully manual process,
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therefore operator dependent, and inherently di�cult to reproduce perfectly. However,

these uncontrollable variations in process do not a�ect the surface texture when higher

pressures (0.2MPa and 0.4MPa) are adopted. Surfaces produced at a pressure higher

than 0.2MPa seem to be not only insensitive to unintended variations to the blasting

procedure, but also to further increase in pressure. The surface �nishes produced at

a pressure higher than 0.2MPa are, in fact, all remarkably similar. The grinding pro-

cedures produced two types of surface �nish (�ne and coarse) both characterized by a

series of grooves running parallel to each other. The surface measurement, carried out

in a direction perpendicular to the grooves, revealed the highest reproducibility within

each group experienced in this work. Although the coarse surfaces showed a pro�le

amplitude and an average wavelength almost twice a big as that of the corresponding

value for the �ne surfaces, both type of surfaces were very smooth when compared to

the grit blasted surfaces.

A bond coat surface assessment was carried out for all categories of samples. The

comparison between the specimens surface texture before Pt deposition and after heat

treatment revealed an increase in value for almost all roughness parameters for all

samples categories. Only the average wavelength value of the bond coat on ground

surfaces was either smaller or unchanged when the bond coat was produced either on

�ne or coarse surfaces, respectively. This means that, although the Pt layer follows the

substrate geometry, the sputtering process itself introduces a certain level of asperities

which combine with the already existing substrate roughness.

For grit blasted surfaces, a correlation between the average wavelength of the spec-

imens substrate, before Pt deposition, and the TBC system lifetime in cyclic oxidation

test was found. In particular �ve intervals of Rlq were identi�ed: three main ranges

with peculiar characteristics, spaced by two further Rlq intervals which showed not

so distinctive properties, and the characteristics of which could be interpreted as a

transition between the two main ranges that they separate.

A 2-parameters Weibull distribution was adopted to analyse the data in each Rlq

range. In all cases the plots show good �t of the data, therefore the chosen distribution

can be adopted successfully to model TBC systems failure data. The plots were com-

pared in terms of the distribution parameters (characteristic life and shape parameter)

and B(10)life, namely the number of cycles at which 90% of the analysed population

has not yet failed.

The plots for the two transition Rlq range shared a shape parameter of ~2.5; for

such a value, the Weibull distribution becomes almost symmetrical and approaches the
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Gaussian distribution. Therefore, in the transition range, the TBC system failure can

be interpreted as a random phenomenon. Also the plots in the three main Rlq intervals

share a similar shape parameter, but the value is much higher and varies between 4 and

4.9. For these values, the distribution assumes the shape of a Weibull distribution with

a left tail. This implies a high reproducibility in time to failure in the sample population

under analysis. Although the shape parameter was similar, the three populations of

samples had a signi�cantly di�erent characteristic life and the specimens having Rlq

between 22µm an 36µm were the best performing.

However, strict control of the ceramic deposition temperature allowed further im-

provements in the performance of samples belonging to this Rlq range. The combination

of an Rlq between 23µm and 36µm with a ceramic deposition temperature at 1291K

produced TBC systems with the longest life. This process condition may result in a

lifetime 3 times greater than expected to an average life in commercial production.



Chapter 16

E�ect of the platinum layer

morphology on the lifetime of TBC

systems with a PtAl bond coat

In this chapter the e�ect of the Pt layer morphology on the lifetime of TBC systems

with a PtAl bond coat will be investigated. Three di�erent Pt layer structures were

studied: an open structure, a DLR structure and a DHR structure. Detailed description

of both the sputtering procedures adopted to deposit the Pt layers and the achieved

structures is provided in chapter 11.

The TBC systems studied were manufactured depositing 20 mg
cm2 of Pt on CMSX-4

coupons adopting the three sets of sputtering parameters listed in table 11.1. Before

Pt deposition, the Ni based substrates were machined to achieve two di�erent surface

�nishes: a 0.2MPa grit blasted surface and a coarse ground surface (see chapter 6).

After Pt deposition, the production of the PtAl bond coat required three further steps:

an heat treatment at 1040◦C for two hours under vacuum , a vapour aluminising, and

a post aluminising heat treatment at 1140◦C for 2 hours followed by a recovery heat

treatment at 870◦C for twenty hours (see chapter 8). The samples were �nally TBC

coated (see chapter 9), and tested in cyclic oxidation at 1150◦C (see section 10.3.3).

16.1 TBC system with PtAl bond coat

Table 16.1 summarises the outcome of the coating inspections carried out at various

stages of the manufacturing/testing process.

184
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Type of Pt Visual inspection SEM on cross section Visual inspection
structure after pre-CVD HT after post-CVD HT after failure

0.2MPa Ground 0.2MPa Ground 0.2MPa Ground
surface surface surface surface surface surface

DHR Ok Blisters Ok n/a Buckling n/a
Open Ok Ok Ok Ok Ok Ok
DLR Ok n/a Ok n/a Buckling n/a

Table 16.1: Results of visual inspection of the coating after di�usion: the dense high
rate coating, when deposited on the ground surface, failed the inspection
due to the presence of blisters. The Pt with an open structure was not
deposited on ground surface.

The coating produced depositing a DHR Pt layer on ground substrates failed the

visual inspection after heat treatment: similarly to the Pt-di�used bond coat, the

coating was damaged by an array of blisters distributed over the surface (see chapter

12). All remaining specimens were tested under cyclic oxidation at 1150◦C.

Figure 16.1 presents the oxidation test results for the TBC systems with a PtAl

bond coat as a function of the Pt layer structure (DHR, open, or DLR) for the two

substrate surface �nishes investigated (0.2MPa grit blasted and ground surface). For

each of the �ve TBC systems analysed, the diagram reports the number of specimens

tested as well as the average, maximum and minimum lifetime values expressed as

number of oxidation cycles. The TBC systems with an open Pt structure showed the

longest lifetime. Within this category, the specimens with a ground �nish were the best

performing. The shortest time to failure was experienced by specimens with a DHR

Pt structure; the zero cycles lifetime of the specimens with ground surface represents

failure while manufacturing due to blistering. The time to failure increased by a factor

of two when a Pt layer with a DLR structure was adopted; a further improvement in

life, almost by a factor of six, was reached using an open structure in conjunction with

a substrate with a ground �nish.

A post failure visual inspection pointed out that the specimens failed according to

two di�erent failure modes (see table 16.1): all TBC systems with a dense Pt structure

failed due to coating buckling that eventually causes the ceramic to spall, whereas all

the TBC systems with an open structure failed due to TBC delamination at TBC/TGO

interface, following a mechanism identical to that often described in literature for PtAl

bond coats [173, 88, 174, 175]. In order to understand the causes of such di�erent failure

modes, a TBC system with a DHR Pt layer structure was analysed at various stages



186
E�ect of the platinum layer morphology on the lifetime of TBC systems with a PtAl

bond coat

Figure 16.1: Oxidation test results for TBC systems with a PtAl bond coat as a
function of the Pt layer structure (DHR, open, or DLR) for two di�erent
substrate surface �nishes (0.2MPa grit blasted and ground surface). For
each TBC system, the number of specimens tested, the average, max-
imum and minimum lifetime values (expressed as number of oxidation
cycles) are reported.

of the manufacturing process as well as after failure, and compared to a TBC system

with an open Pt layer structure. The outcome of such comparison is presented in the

following section. Both TBC systems have a substrate with a 0.2MPa grit blasted

surface �nish.

16.2 Bond coat characterisation in various stages of

the manufacturing process

Figure 16.2 includes SEM micrographs of the cross section of specimens with a DHR

Pt structure (left column) and an open Pt structure (right column) at various stages

of the manufacturing process.

Figure 16.2A and 16.2D show the two studied TBC systems before aluminising,

after being Pt coated and heat treated at 1040◦C. Di�erent Pt layer morphologies

do not a�ect the bond coat formation in this initial stage; in both cases, in fact, the

bond coat consists of a Pt enriched layer which shows the two distinctive γ′ and γ
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Figure 16.2: SEM micrographs of the coating cross section at various stages of the
manufacturing process. Proceeding from the top row to the bottom, the
pictures show: the coating after Pt deposition and pre-aluminising heat
treatment, after aluminising and at the end of PtAl bond coat manufac-
turing (therefore after post-aluminising heat treatment). Pictures A, B,
C (left column) are relative to specimens with a DHR Pt structure while
picture D, E, F (right column) are relative to specimens with an open
Pt structure.
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phases. The overall coating thickness is between 25µm and 30µm. In both coatings

alumina inclusions (dark particles) are present at a distance of approximately 50% of

the total coating thickness. The shape and dimension of the Al2O3 grains suggest that

they are residues of the grit blasting procedure. therefore they are a clear indication

of the Pt layer/substrate interface location before heat treatment. In the cross section

of the specimen with a DHR Pt structure (Figure 16.2A), the distance between the

original interface and the coating top surface is ∼ 40% shorter than in the corresponding

specimen with an open structure (�gure 16.2D). This di�erence in coating thickness is

due to the di�erence in density between the two investigated Pt layers (see section

section 11.1). The specimens in �gures 16.2A and 16.2D, were coated with 20 mg
cm2 of

Pt which corresponds to a ∼ 10µm thick layer of DHR Pt structure and to a ∼ 14µm

thick layer of open Pt structure.

Figure 16.2B and 16.2E show the cross section micrographs of the two types of

coatings after aluminising. The coating in the as-aluminised conditions has a ∼ 45µm

thick outer layer which consists of two-phase structure with PtAl2 (bright phase) and

Pt-rich β−NiAl grains, both phases also contain Co and Cr. The inner layer, 20−25µm

thick, consists of Al-rich β −NiAl and intermetallic precipitates containing refractory

elements. Figure 16.2C and 16.2F show the two TBC systems at the end of the bond

coat manufacturing process. The post-aluminising heat treatment converted the two-

phase structure into a single β-phase layer.

Figure 16.3 shows the results of the EDX analysis conducted on the cross sections

of specimens with either a DHR or an open Pt structure at two di�erent stages of the

bond coat production: after Pt deposition and heat treatment (�gures 16.3A and 16.3D)

and after aluminising and heat treatment (�gures 16.3C and 16.3F). The compositional

analysis was performed in several aligned points starting from the coating surface up to

the substrate. The distance between two consecutive points was either 5µm of 10µm.

The compositional analysis shows that at every stage of bond coat production the

specimens are very similar. This result is con�rmed in table 16.2, which reports the

average composition of the outer layer of the coatings; which was calculated as an

average over three areas having a surface of 10µm x 5µm and set at a distance of 5µm

from the coating surface.
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Figure 16.3: EDX compositional analysis of the cross sections of specimens with
either a DHR or an open Pt structure at two di�erent stages of the bond
coat production: after Pt deposition and heat treatment at 1040◦C (A
and D) and at the end of PtAl bond coat manufacturing (C and F).
Pictures A and C (left column) are relative to specimens with a DHR Pt
structure while picture D and F (right column) are relative to specimens
with an open Pt structure.
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Manufacturing Pt Coating composition [at%]
stage structure Ni Pt Al Cr Co Ti

Heat treated DHR 42.7 31.0 10.9 7.5 6.9 1.0
at 1040◦C for 2h Open 43.4 30.3 9.2 8.9 7.7 1.1

Aluminised DHR 31.4 10.9 53.9 0.9 2.9 n.d.
at 1030◦C for 4h Open 29.6 12.6 54.5 0.8 2.6 n.d.
Heat treated DHR 38.8 13.3 43.4 0.8 3.6 n.d.

at 1140◦C for 2h +870◦C for 20h Open 39.4 13.0 43.0 0.8 3.8 n.d.

Table 16.2: Average composition of the cross section of coatings, with either a DHR
or an open Pt structure, at di�erent stages of the bond coat manufacture.
The EDX analysis was performed on areas of the coatings having a 10µm
x 5µm dimension and set at a distance of 5µm from the coating surface.
The coating composition was determined as the average composition over
three areas.

16.3 Post failure analysis

The post failure analysis of the specimens revealed two completely di�erent failure

modes depending on the structure of the platinum: open or dense (�gure 16.4). The

TBC systems with a open Pt structure failed with separation at the ceramic/TGO

interface; the cross section micrograph of a failed specimen is shown in �gure 16.4B.

Following aluminising, the surface of the PtAl bond coat shows a geometrical array of

ridges corresponding to the grain boundaries in the β phase. Although the ridges evolu-

tion with oxidation time was not investigated, based on other studies, it is reasonable to

assume that, with thermal cycling, the ridges are transformed into cavities, which then

may lead to localised debonding between the TBC and the bond coat [173, 88, 174, 175].

Several neighbouring debonded areas subsequently merge, creating fewer �aws of sev-

eral millimetres in size. These �aws induce buckling at �rst, and then ceramic spallation

when the TBC system is cooled from testing to room temperature.

The TBC systems with dense Pt structure failed due to the formation of voids in

the central part of the bond coat, at the original Pt layer/substrate interface (�gure

16.4A). Contrary to what was observed in TBC systems with open structure, TBC

systems with dense Pt structure show a super�cial indication of the evolving damage.

Several cycles before failure, the coating starts swelling and forming a blister which

keeps growing until it reaches a critical size that causes either the TBC to spall or the

entire external part of the bond coat to peal.

The formation of internal voids in PtAl coatings was observed previously by other
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Figure 16.4: Cross section micrograph of the failed specimens. A)PtAl bond coat
with a DHR Pt structure B)PtAl bond coat with an open Pt structure

authors[176, 177, 178, 12, 179], but it has never been identi�ed as the sole responsible

for the coating failure. The common explanation for the formation of the voids refers

to the Kirkendall mechanism. During the exposure to high temperature, three di�erent

di�usion �uxes occurs: the Al di�usion towards the surface to form or replenish the

alumina scale, the Al di�usion into the substrate, and the Ni di�usion towards the

surface. The balance of such �uxes results in a �ux of vacancies which condensate

below the original Pt layer/substrate interface to form pores.

It is believed that the Kirkendall mechanism is also responsible for the voids nucle-

ation in the PtAl coatings with a dense Pt structure studied here. However, Kirkendall

porosities are typical of outward di�usion coating, and therefore they should be present

both in PtAl bond coat with a dense Pt structure and in PtAl bond coat with an

open Pt structure. As observed by Tolpygo et al., it is possible that in the PtAl bond

coat with an open Pt structure, the pores form but collapse during thermal cycling;

therefore no pore is observed after failure.

The formation of voids only in the PtAl bond coat with a dense Pt structure

observed in the present study is belived to depend on the fact that the interdi�usion

behaviour associated with the dense coating causes the formation of pores which are

too big to collapse. With thermal cycling and/or oxidation time, the voids grow and

merge together, and the resulting separation area causes the penetration of oxygen

from the specimen edge; which, in turn, causes the oxidation of the voids surface. This

theory has been con�rmed by X-ray photoelectron spectroscopy analysis conducted on

the products found on delaminated surfaces; which con�rmed the presence of oxides

of aluminium, tungsten and titanium. The presence of tungsten and titanium is not
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unexpected when considering the area where the voids formed in the coating. The

volume increment related to the conversion of a high density intermetallic to a low

density oxide causes the coating to swell, until the size of the damage reaches a critical

size which causes the TBC system failure. The di�erent stages of the damage evolution

are shown, from left to right, in �gure 16.5.

Figure 16.5: Damage evolution in a PtAl bond coat with a dense Pt structure. In
the �rst stage, isolated voids are formed along the original grit line,
with fully bonded material between them. With thermal cycling and/or
oxidation time the voids grow and merge together. The voids surface
oxidise due to oxygen penetration into the coating form the coating edges.
Subsequently, the volume increase due to the oxidation causes the coating
to swell until failure.

Other studies carried out in Cran�eld University seem to con�rm the Kirkendall

mechanism being at the origin of the voids formation. All the outward di�usion PtAl

coatings manufactured with a dense Pt structure, in fact, experience this peculiar failure

mode independently of the testing conditions (isothermal or cyclic oxidation) [180, 181].

On the other hand, inward PtAl coatings manufactured with the same Pt structure fail

at the TGO/TBC interface [182]: in inward di�usion coating the main �ux consists of

Al di�using into the substrate without formation of Kirkendall voids.

16.4 Conclusion on the role of Pt layer morphology

on the lifetime of TBC systems with a PtAl bond

coat

Similarly to the Pt-di�used bond coat, the post-sputtering heat treatment results in

catastrophic failure of the coating, due to blisters formation, when a Pt deposit with

a DHR structure was formed over ground surfaces. A detailed explanation of this
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behaviour is reported in chapter 12. The PtAl bond coat was manufactured successfully

on grit blasted surfaces starting from DHR, DLR, or open Pt structures, and on ground

surfaces adopting an open Pt structure. PtAl bond coat with a DLR Pt structure was

not produced on ground surfaces. SEM and EDX analysis were performed on TBC

systems with dense and open Pt structure; in both cases the obtained bond coat showed

the characteristics of an outward di�usion PtAl bond coat.

Cyclic oxidation testing investigated the e�ect of the three Pt structures and the

substrate surface �nish (either grit blasted or ground) on the TBC system lifetime.

Results showed that TBC systems with an open Pt structure were the best performing.

Within this category, the specimens with a ground �nish showed the longest life. The

shortest time to failure was experienced by specimens with a DHR Pt structure; within

this category specimens with ground surface failed due to blisters formation before

completion of the TBC system manufacturing process. Direct comparison among the

three Pt structure deposited on the grit blasted surfaces showed that, with respect to

TBC systems with a DHR Pt structure, the time to failure increased by a factor of two

and three when a Pt layer with a DLR and open structure were adopted, respectively.

However, an improvement of a factor of almost six in life was obtained by using an open

structure in conjunction with a substrate with a ground �nish.

The compositional analysis showed that the TBC systems with either an open or

a dense Pt structure were extremely similar, however, the two types of TBC system

showed completely di�erent failure modes. All TBC systems with an open structure

failed due to TBC delamination at TBC/TGO interface, following a mechanism iden-

tical to that often described in literature for PtAl bond coats. On the other hand, all

TBC systems with a dense Pt structure failed due to the formation of voids in the cen-

tral part of the bond coat along the original Pt layer/substrate interface. It is believed

that the Kirkendall mechanism is the cause of the voids nucleation. With thermal cy-

cling and/or oxidation time the voids grow and merge together. Oxygen in�ltration

into the coating from the specimen edge causes the oxidation of the voids surface. The

volume increment due to the oxides formation causes the coating to swell, until the

damage reaches a critical size which causes the TBC to spall or the entire outer part of

the bond coat to peal.



Chapter 17

Conclusions

17.1 Contribution to knowledge

This work investigated the possibility to increase the reproducibility in TBC system

time to failure by improving the outcome of each of the steps involved in the TBC system

manufacture. The TBC systems lifetime was determined in a cyclic oxidation test and

the data were modelled with the Weibull distribution. Two types of TBC system were

studied: a TBC system with a Pt-di�used bond coat and a TBC system with a PtAl

bond coat; where possible identical production steps were used to manufacture the two

systems. The production of the PtAl bond coat involved an extra step consisting of

vapour aluminising. The entire specimens production was undertaken in the facilities of

Cran�eld University and, except for the TBC deposition, it was personally carried out

by the author. The approach adopted in this work consisted �rst in the understanding

the e�ect that variations in each manufacturing step had on the TBC systems lifetime,

and then in the production of TBC systems with the best outcome from all previous

trials.

Three di�erent Pt layer morphologies were produced via PVD: an `open' structure

and two `dense' structures identi�ed respectively as a Zone 1 type and a Zone T type of

the structures in the Thornton diagram [107]. The structures names were chosen with

reference to the percentage of voids in the deposited Pt layer; approximately 30% in

the open structure and less than 10% in the dense structure. Although the two dense

structures shared a similar morphology, they were produced at signi�cantly di�erent

deposition rates: hence they were identi�ed as Dense Low Rate (DLR) and Dense High

Rate (DHR) structures.
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Layers of Pt, 10µm thick, and exhibiting one of the three structures described above

were deposited on nickel-based superalloy substrates with two di�erent surface �nishes:

one with Ra = 1.39µm and another with Ra = 0.72µm. All depositions were successful,

however, the coating with a DHR structure deposited on the smoothest surface failed

after di�usion heat treatment due to the formation of blisters. This phenomenon is

believed to be due to the interaction of three di�erent factors:

� the CTE mismatch between the coating and the substrate,

� the residual stress built in the coating during deposition,

� the substrate surface roughness.

The �rst two factors contribute to the overall compressive stress which builds up in

the coating. It was also demonstrated that, in order to avoid blister formation, two

di�erent approaches can be adopted: increasing the surface roughness of the substrate

or reducing the stress in the coating. In fact, a rougher substrate tolerates higher

levels of stress before the strain energy stored into the coating overcomes the fracture

toughness of the interface, resulting in coating failure (or blistering). The level of

internal stress in the coating can be reduced either modifying the coating structure

introducing more voids (i.e. producing an open Pt structure), or reducing the deposition

rate (i.e. producing a DLR structure).

The study of the e�ect of the Pt layer structure on the TBC system lifetime produced

di�erent outcomes depending on the type of bond coat involved. TBC systems with a

Pt-di�used bond coat showed the longest life and highest reproducibility when a DLR

structure was used: these systems performed 3 times better than the corresponding ones

with an open Pt structure. On the other hand, TBC systems with a PtAl bond coat

showed the best performance when an open structure was deposited. Moreover, while

these system failed at the TGO/bond coat interface with a well known mechanism, the

systems with dense Pt structure failed due to the formation of voids along the original

substrate/Pt interface.

Another investigated aspect was the e�ect of the type of surface �nish (and therefore

surface roughness) before Pt deposition on the TBC system lifetime. This study was

carried out comparing up to ten di�erent substrate surface �nishes on which was de-

posited the Pt structure which was expected to provide the best performance based on

the results above: a DLR structure for the Pt-di�used bond coat and an open structure

for the PtAl bond coat. The ten di�erent surface �nishes were obtained adopting ten
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di�erent surface preparation procedures, they were assessed using a pro�lometer, and

characterised using three roughness parameters: Rq, Rlq and τ . Surface assessment

was repeated after platinum deposition and subsequent heat treatment. Despite the

industrial practice requires grit blasting the bond coat prior to ceramic deposition, in

this study the TBC was deposited on the bond coat as formed during the heat treat-

ment, with no further surface machining. Comparison between the substrate (before

Pt deposition) and the bond coat surface textures showed an increment in the value of

almost all roughness parameters for all samples categories. The only exception was the

value of the average wavelength of the roughness of the bond coat on ground surfaces.

This means that, although the Pt layer follows the substrate geometry, the sputtering

process itself introduces a certain level of asperities which combine with the already

existing substrate roughness.

For grit blasted surfaces, a correlation between the average wavelength of the speci-

mens substrate (before Pt deposition) and the TBC system lifetime in cyclic oxidation

test was found. In particular �ve interval of Rlq were identi�ed: three main ranges with

peculiar characteristics, spaced by two further Rlq intervals with no distinctive proper-

ties, and the characteristics of which could be interpreted as a transition between the

two main ranges that they separate. A 2-parameters Weibull distribution was adopted

to analyse the data in each Rlq range. In all cases the plots show good �t of the data,

demonstrating that the chosen distribution can be successfully adopted to model the

TBC systems failure data. The plots were compared in terms of the distribution pa-

rameters (characteristic life and shape parameter) and B(10)life (namely the estimated

number of cycles when the reliability in the specimens population is 90%).

The plots for the two transition Rlq ranges shared a shape parameter of ~2.5; for

such a value the Weibull distribution becomes almost symmetrical and approaches the

Gaussian distribution. Therefore in the transition ranges the TBC system failure can

be interpreted as a random phenomenon. The plots in the three main Rlq intervals

share a similar shape parameter but the value is much higher and varies between 4

and 4.9. For these values, the distribution assume the shape of a Weibull distribution

with a left tail. This implies a high reproducibility in time to failure in the population

of TBC system under analysis. Although the shape parameter was similar, the three

populations of samples had a signi�cantly di�erent characteristic life and the specimens

having Rlq between 22µm and 36µm were the best performing.

A further observation of the data highlighted also that the TBC systems lifetime

may be a�ected by the TBC deposition temperature too. In the range of temperature
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commercially identi�ed as suitable for the production of TBC via EB-PVD, three dif-

ferent ceramic deposition temperatures were selected for the TBC deposition. Such a

temperature variation had little e�ect on the TBC system lifetime for almost all the

TBC systems manufactured, with the exception of the TBC systems the substrate of

which had an average wavelength between 22µm and 36µm. In this case, a strict control

of the ceramic deposition temperature allowed to further improve the samples perfor-

mance. The combination of an Rlq between 23µm and 36µm with a ceramic deposition

temperature at 1291K produced TBC systems with the longest life. In practical terms,

adoption of these process conditions may result in a lifetime three times longer than

the average life of equivalent high temperature coatings in commercial production.

A correlation between the substrate surface roughness and the TBC system lifetime

for ground surfaces was not found, and the samples did not show a signi�cant di�erence

in performance, whether the substrate was �ne or coarse ground. Comparison between

ground and grit blasted samples showed that, despite a marked similarity in average

wavelength of the surface texture, the lifetime of the ground specimens was much shorter

than that of the grit blasted: the coarse ground more than 4 times shorter, and the �ne

ground more than 3 times shorter.

The performance of the platinum aluminide bondcoat was not as sensitive to the

surface �nish as that of the platinum di�used bond coat. Interestingly, however, while

the lifetime of the TBTBCC system with Pt-di�used bond coat was longer on grit

blasted substrates than on ground, when PtAl bondcoat is produced, the TBC system

on ground substrates outlast the grit blasted. These �ndings are consistent with and

justi�ed by the di�erent failure mechanisms identi�ed for the two types of bondcoat.

17.2 Suggestion for further work

� The deposition of a Pt layer with a DLR structure is quite time consuming,

lasting up to seven hours. This has a signi�cant impact on the overall duration

of the TBC system manufacturing process. In order to reduce it, it is suggested

to attempt Pt deposition at a higher current; it is likely that a current of 0.35A

would reduce the deposition time without signi�cantly increasing the residual

stress in the deposited Pt layer, although this needs to be veri�ed.

� A variation in the ceramic deposition temperature results in the deposition of a

TBC layer with di�erent morphologies. The e�ect of the ceramic structure on the
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TBC system lifetime needs further investigation. The study of the stress evolution

within the TGO at di�erent stages of the cycle test is also desirable.

� A more detailed study of the TBC systems at failure would be required. Such

a study should aim at understanding where the cracks nucleate and how they

evolve; the study should also be supported by an investigation of TBC systems

at di�erent stages of the oxidation tests (i.e. 10%, 25%, 50%, 75% of their life).

It would be also desirable an evaluation of the TGO thickness at failure for the

cases considered.

� Further investigation of the variation of the bond coat chemical composition (if

any) with the di�erent substrate preparations would be useful.

� The technique adopted in this work to deposit the Pt layer, sputtering, is not a

technique usually adopted as a standard industrial practice, which is typically elec-

troplating. Further e�orts should be dedicated in replicating the results achieved

here when the Pt layer has been electroplated.

� An analysis of the behaviour of the best performing TBC systems identi�ed in

this study under CMAS attach as well as their erosion resistance would contribute

to assess their practical and industrial viability.
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Appendix A

Substrate surface assessment of polished/grit blasted

specimens before Pt deposition

Figure 17.1 shows the Rq value for each sample before Pt: Figure 17.2 shows the τ

Figure 17.1: Root mean square roughness (Rq) value of the polished plus grit blasted
samples before Pt deposition: each column corresponds to one sample
and plots the average, minimum and maximum Rq value

value for each sample before Pt:

Figure 17.3 shows the Rlq value for each sample before Pt:
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Figure 17.2: Tortuosity (τ) value of the polished plus grit blasted samples before
Pt deposition: each column corresponds to one sample and plots the
average, minimum and maximum τ value.

Figure 17.3: Root mean square average wavelength (Rlq) value of the polished plus
grit blasted samples before Pt deposition: each column corresponds to
one sample and plots the average, minimum and maximum (Rlq) value.



Appendix B

Surface assessment of bond coat on polished/grit blasted

specimens

Figure 17.4 shows the Rq value for each sample after Pt di�usion:

Figure 17.4: Root mean square roughness (Rq) value of the polished plus grit blasted
samples after Pt di�usion: each column corresponds to one sample and
plots the average, minimum and maximum Rq value

Figure 17.5 shows the τ value for each sample after Pt di�usion:

Figure 17.6 shows the Rlq value for each sample after Pt di�usion:
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Figure 17.5: Tortuosity (τ) value of the polished plus grit blasted samples after Pt
di�usion: each column corresponds to one sample and plots the average,
minimum and maximum τ value.

Figure 17.6: Root mean square average wavelength (Rlq) value of the polished plus
grit blasted samples afterPt di�usion: each column corresponds to one
sample and plots the average, minimum and maximum (Rlq) value.



Appendix C

Correlation between substrate roughness paramenters

and TBC lifetime: grit blasted samples

Figure 17.7 and �gure 17.8 show the variation of the TBC systems lifetime as a function

of the Rq and tortuosity of the surface before Pt deposition, for three di�erent ceramic

deposition temperatures.

Figure 17.7: Variation of the TBC system lifetime as a function of the substrate sur-
face Rq, for three di�erent TBC deposition temperatures
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Figure 17.8: Variation of the TBC system lifetime as a function of the substrate sur-
face τ , for three di�erent TBC deposition temperatures



Appendix D

Correlation between substrate roughness paramenters

and TBC lifetime: ground samples

Figure 17.9 and �gure 17.10 show the variation of the TBC systems lifetime as a function

of the Rq and tortuosity of the surface before Pt deposition. For all specimens the

ceramic deposition temperature was 1276K.

Figure 17.9: Variation of the TBC system lifetime as a function of the substrate sur-
face Rq.
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Figure 17.10: Variation of the TBC system lifetime as a function of the substrate
surface τ .


