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Abstract
One of the most innovative technologies in the area of non-conventional machining,

which is now used in a wide range of sectors, is laser processing. For the machining of

difficult-to-cut materials like nickel superalloy and ceramic thermal barrier coatings

(TBC), laser processing and pulsed laser ablation have been acknowledged as a

practical processing technique in the aerospace industry. Thanks to its non-contact

nature and ease of miniaturisation and delivery, laser become a desirable tool for

material processing in difficult to access areas. Lasers, combined with a specially

designed robotic carrier, may allow on-wing maintenance of turbine aero-engines.

One of the main reasons for engine overhaul is TBC spallation and oxidation of the

components over the acceptable limits. To date, this results in a full replacement

of the part and engine downtime. As a result, significant efforts have been made to

address durability of the coatings by alternating coating composition and

deposition methods. While durability of the coatings address the frequency of

necessary repairs, on-wing coating application contributes to the duration of

maintenance, and the ability to apply TBC on-wing has been recently

demonstrated with the aid of combustion flame spraying process at the

Nottingham UTC in On-Wing and Manufacturing Technologies. This study

continues the trend in on-wing engine maintenance and is dedicated to addressing

the problems with engine downtime.

Firstly, this study is dedicated to the development of a TBC modification

technology. Inspired by the durable coatings produced by vapour deposition, its

microstructure was attempted to replicate on a thermally sprayed coating with the

aid of pulsed lasers. Vapour-deposited coatings are known for their better thermal

cycling performance and resistance to erosion. In this work, columnar

microstructure has been replicated with an array of laser-machined grooves. The

next step of optimisation addresses resistance to abrasive action and chemical

interactions by providing the coating with a dense continuous surficial layer. In

order to asses the durability characteristics, the coating was compared against the

state-of-the-art thermally sprayed coating in simulated in-engine environment.

Secondly, particular attention was paid to the solidification phenomena in laser

melted TBC. Unusual behaviour of crystal growth, here referred to as ”grain

surface sealing” and ”grain bending”, has been identified. While this may present

an advantageous microstructure for various materials, e.g. to locally change crystal

orientation dependant properties or guide microcrack propagation by adjusting the
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grain boundary geometry, currently existing models fail to explain these

phenomena. The responsible mechanism for both phenomena was identified as

planar and dendritic grain growth modes. Therefore, by addressing both planar

and dendritic solidification within a single model one can predict and control the

grain bending and grain surface sealing phenomena. As a result, a predictive

multi-scale model of solidification has been build with the example of laser-melted

TBC. For this purpose, a three-dimensional finite-element thermo-capillary model

has been developed, predicting the temperature distribution within the workpiece,

which was coupled with a three-dimensional grain growth model based on cellular

automata approach.

Thirdly, the possibilities of coating application with the aid of laser tool have been

investigated. Current vapour deposition techniques are hardly suitable for on-wing

coating application due to vacuum requirements, difficult to implement in-situ. In

an effort to find a novel suitable deposition technology, various possibilities for

coating generation in atmosphere have been identified and developed. While the

properties of such coating are a subject for further optimisation, the main focus of

this section is to study formation of the coating microstructure and interaction

between the laser and absorbing target material. Two potential options for

on-wing coating application with a laser source have been found and discussed.

Resultant microstructures, possible formation mechanisms, and laser-material

interaction in different deposition scenarios have been analysed and presented.

Keywords: laser-matter interaction, laser machining, laser melting, grain growth,
liquid droplet laser deposition, atmospheric vapour laser deposition, cellular
automata, dendritic growth
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Chapter 1

Introduction

1.1 Motivation

The first flight of a Heavier-than-air model is ascribed to the Italian inventor Tito

Livio Burattini, who built an aircraft with fixed glider wings that lifted a cat as early

as 1648 (however, not the inventor himself). Many years later, in August 1908,

Wilbur and Orville Wright made the first public fights on the Wright aeroplane,

which dispelled all doubt and showed great potential for a novel transportation

system. Nowadays, the aerospace industry has become a well-established business

with airline revenue of $876 billion and over 4,5 billion passengers departures in 2019

[132]. The industry trend of commercial flights is now oriented toward passenger

safety and flight efficiency; this, combined with international standards for engine

emissions and aircraft noise, formed a constant seek for innovative solutions in

aircraft fabrication. An ambitious target of the European Union on environmental

control over the new aircraft aims to cut CO2 emissions by 75%, NOx emissions

by 90%, and reduce fuel consumption by 65% by 2050 [69]. Such objectives can

be solved only in a highly-competitive environment open to innovative solutions,

residing at the pinnacle of the world’s technological advances.

It is common to describe turbine engine efficiency in thermodynamic terms.

Gas-turbine engines obey to some extent the Brayton cycle, which starts with

adiabatic compression of the inlet air. At this developed pressure, the heat is

added to the turbine through combustion in the isobaric process. One of the ways

to increase the turbine power output is to increase the pressure at which

combustion takes place, i.e. increase the compression ratio. After the combustion,

the gases adiabatically expand at the turbine stage and exhaust into the

atmosphere, and the cycle continues. In an ideal Brayton cycle, thermal efficiency

ηth depends on the pressure inside the combustion chamber, P1, and the pressure

outside P2: ηth = 1 − P2

P1
, thus it is useful to describe the engine with the Overall
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Pressure Ratio (OPR), shown in Fig. 1.1. Modern turbofan engines, e.g. the

Rolls-Royce Trent 7000, already work at an OPR of 50:1. In comparison with

Trent 700, which reaches an OPR of 36:1, and together with a twofold increased air

bypass ratio the fuel consumption of a higher-OPR engine improved by 11% [272].

Figure 1.1: Evolution of Overall pressure Ratio in Rolls-Royce gas-turbine
engines. Adapted from [73]

The line colours represent the engine manufacturer.

Higher compression ratio is associated with an increase in the internal temperatures

of the engine. In the aforementioned engines, apace with increased pressure, the

internal temperature increased by 200K, reaching more than 1835 K (1562 ◦C) at the

turbine entrance. The latter is also called the Turbine Inlet Temperature (TIT) (also

called turbine entry temperature, or TET), representing the highest temperature in

the whole engine, e.g. see temperature distribution in Trent 800 engine in Fig. 1.2.

While the overall pressure ratio is a useful measure of engine efficiency, TIT is in

fact a rather similar way to describe engine performance, although linked to one of

the main reasons limiting engine performance.

The everlasting race for higher efficiency had been driving the technology to

develop novel materials with exceptional high-temperature properties. Ni-based

superalloys had been used extensively in combustor and turbine sections,

constantly undergoing further development. Manipulation with crystal structure

allows for improving the properties of the engine components, i.e. by the transition

from equiaxed crystals to directionally solidified, and eventually single crystal
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Figure 1.2: Temperature and pressure distribution in Low Pressure
Compressor(LPC), High Pressure compressor(HPC), followed by combustion
chamber, High Pressure Turbine (HPT), Intermediate Pressure Turbine (IPT),

and Low Pressure Turbine (LPT). Rolls-Royce Trent 800 Jet Engine. [294]

blades. In order to overcome the limitations imposed by the metallic components,

new concepts had been introduced over time and have already become

state-of-the-art techniques. Nowadays, one of the implemented ways to increase

the TIT is by applying a relatively thin (typically about 250 µm)

temperature-resistant coating on the components in the turbine stage and

combustion chamber. Combined with film air cooling, it will develop a

temperature gradient inside a refractory material, and eventually can give a

100-300K increase in the turbine inlet temperature [235]. This coating just a few

human hair thick allows the engine to withstand temperatures above the melting

point of superalloys. Such coating, called Thermal Barrier Coating (TBC) also

protects the underlying metal from a harsh engine environment. Resistance to

high-temperature creep and oxidation of the metal, as well as protection of the

metal from erosion and foreign object damage due to the high hardness of the

coating material, also increases the durability of coated components. Besides,
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novel materials such as silicon-based Ceramic Matrix Composites(CMC) and

oxide-oxide CMCs are being studied extensively, which could withstand even

higher temperatures.

Thermal barrier coatings have a limited lifespan, which goes down to several

reasons. Most importantly, it is the oxygen diffusivity of current state-of-the-art

ZrO2-based coatings at elevated temperatures. Oxygen atoms can penetrate

through the protective coating and react with the metal underneath, forming an

oxide layer. In an effort to control the properties of the oxide, e.g. its composition

and bonding strength, an intermediate metallic layer was introduced, called

bondcoat. The reaction between oxygen and the bondcoat forms a layer of an

oxide called thermally grown oxide (TGO). The TGO forms inevitably when the

coated metal is in contact with hot gases and grows in a confined space.

Eventually, high growth stresses of the TGO, combined with the mismatch of

thermal expansion coefficient with the neighbouring layers, initiate cracks at the

interface between bondcoat and topcoat, which will propagate through and cause

coating delamination, leaving the metallic component unprotected. Alongside

TGO growth, several other reasons can affect TBC properties and result in coating

failure: high-velocity foreign objects erode TBC and cause wear and mechanical

damage; fuel impurities and silicon-containing sand in runway strips and volcanic

ash also play a critical role in TBC lifespan, which can infiltrate through the

coating and cause its spallation.

The effects of coating deterioration alongside with other potential engine

deterioration are captured during regular checks. The airworthiness of the engines

is regulated by internationally agreed standards, such as the Maintenance Steering

Group-3 (MSG-3) program, describing the ”Operator/Manufacturer Scheduled

Maintenance Development”. The MSG-3 (Maintenance Steering Group)

methodology is widely accepted and extensively used in the aviation industry for

developing scheduled maintenance tasks and intervals. It has gained significant

recognition and adoption by regulatory authorities, operators, and manufacturers

worldwide. The frequency of engine overhaul and major maintenance inspections

for aviation engines depends on several factors, including the engine type,

manufacturer recommendations, operating conditions, and regulatory

requirements. The specific intervals can vary between different engine models and

operators. In general, engine overhaul and major maintenance inspections are

typically conducted at predetermined intervals based on factors such as engine

operating hours, cycles (takeoff and landing), or calendar time. These intervals are

defined by the engine manufacturer and are outlined in the engine maintenance
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manual or other technical documentation provided by the manufacturer. For

commercial jet engines like the Trent 1000 or Trent 7000, the recommended engine

overhaul intervals can range from several thousand to tens of thousands of engine

operating hours, depending on the specific engine model and its design. Major

maintenance inspections, which may involve comprehensive inspections,

component replacements, or repairs beyond routine maintenance, are typically

performed less frequently than engine overhauls.

Repair of thermal barrier coatings is one of the most time-consuming maintenance

operations. To repair a failed coating, the part is usually taken off the engine and

either replaced with a new part or sent to the overhaul centres for repair.

Laborious engine disassembly leads to long downtimes of the turbine and requires

time optimisation. One of the ways to optimise the engine repair process is to

perform inspection and repair on-wing (or in-situ), without engine disassembly.

On-wing technology is inherently difficult due to restricted access to the

components and is currently limited to simple operations like borescope inspection,

and compressor blade blending. In spite of all the difficulties associated with the

on-wing repair, the area is undergoing substantial research. An example of such is

the FLARE project, developed at the University of Nottingham in collaboration

with Rolls-Royce, which utilises a ”snake”-like robot for in-situ patch repair of

failed components via combustion flame spraying approach [273, 78].

Coatings properties, and thus their durability, depending on the microstructure

developed during deposition. Although limited TBC lifespan is a repair issue, one

of the approaches to cut the maintenance cost is by developing a coating with

superior properties and a longer coating lifespan. Eventually, a more durable coating

repair and inspection will become less frequent, given the technology readiness level

is adequate. This can be done via improvement of deposition methods, or by

modification of the coatings, and microstructure after, during, or prior to coating

deposition.

The utilisation of laser beams is favourable for in-situ application: the energy can

be delivered in a ”pure” form of photons with the aid of a thin optical fibre, or an

array of fibres. One of the promising approaches for coating modification uses

laser-beam energy for remelting the topcoat, called glazing [317]. The topcoat

melts and creates a network of cracks upon crystallisation, which allows for

increasing its thermomechanical compliance. Besides, it creates a protective dense

layer resistant to erosion and chemicals. However, some studies have controversial

results on this technique, revealing similar thermal shock performance of modified
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coatings without any noticeable effect [367]. A thorough understanding of the

mechanisms governing TBC degradation involves various physical and chemical

phenomena: diffusion, oxidation, phase transformation, elastic and plastic, and

creep deformation, sintering, thermal expansion, and fatigue [235]; this list,

although incomplete, makes TBC operation one of the most complex interplays of

physical phenomena, which is yet not fully understood.

1.2 Research Problem

Novel solutions for coating durability are yet to be found. With the focus on coating

susceptibility to environmental damage and oxidation, a potential step forward

is provided by tailoring the properties of thermal barrier coatings by a two-stage

post-treatment process. While the ceramic coating confronts different degradation

causes at its surface, at the bulk, and at the interface with metal, this feature can be

utilised to smartly adjust the microstructural properties. For example, TGO growth

and thermal mismatch stresses occur at the interface between bondcoat and topcoat;

topcoat reaction with chemicals takes place first at the component’s surface which

further infiltrates through the coating and reacts with it as a whole; mechanical

interaction between the coating and foreign particles happens at the surface of the

TBC. Therefore, different strategies can be applied to adjust the coating properties.

A step forward in this direction is provided by combining pulsed laser ablation

(PLA) and laser melting approaches to generate TBC resistance to environmental

damage. To increase thermomechanical compliance, PLA generates voids in the bulk

of the coating, eventually decreasing the stresses generated at TGO and making

the coating less susceptible to buckling. After such laser ablation, TBC consists

of a discontinuous column replicating the electron beam deposited thermal barrier

coatings on a larger scale. Such coating with through-thickness trenches, however,

is not integral, and has still the same problems related to the interaction with active

chemicals and silicates, as well as the same or potentially worsen coating resistance

to erosion. Moreover, open voids in the coating provide a short path for oxygen

to the bondcoat, potentially leading to its higher oxidation rates. In this study,

such an approach was combined with laser glazing, which provided the coating

with a dense surface layer. In contrast with laser glazing, such a combination can

effectively remove stress concentrators from the network of cracks, in which the

latter is connected with PLA-generated voids. Such a combined approach has not

been reported in the literature and is a potentially highly beneficial approach for

coating modification.
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The research of laser glazing, although being a popular approach, had been mainly

focused on the coating response to the environment, in other words, the coating as

a whole had been extensively tested in thermal fatigue, burner rig, erosion tests,

and interactions with molten silicates. From a scientific point of view, research

attention to the physical phenomena occurring during the laser glazing process was

limited. Understanding a complex problem during heating involves consideration

of laser absorption and energy transport, leading to melting, vaporisation,

ionisation, and eventually plasma recombination, vapour condensation, vapour

deposition, and liquid freezing, i.e. solidification. Besides, the crystal growth

process of laser-melted TBCs has not found any attention in literature. The latter

represents a significant challenge in appreciation of the present phenomena and

constitutes a multi-scale problem, involving macro-scale temperature transfer and

fluid motion, and a micro-scale problem, governing grain initiation and growth.

One of the previously mentioned transitions in laser-glazing is a vapour-to-solid

transition, or deposition. Effectively, such a transition is utilised for the formation

of state-of-the-art coatings with the best properties among all the other deposition

techniques, namely Electron Beam Physical Vapour Deposition (EB-PVD). This

technique uses high-energy electrons to evaporate the target material, which will

later propagate to the substrate and be deposited, forming a coating layer.

EB-PVD method requires the use of high vacuum, which is absolutely necessary

for electron transport, and important for vapour propagation, reducing the

scattering of vaporised particles in the ambient environment. Such a method

creates a coating consisting of separate columns with great adhesion to the

substrate, and has superior properties compared to deposition methods in an

ambient air environment; although the technique is rather expensive and hardly

possible for in-situ implementation due to vacuum requirements. In fact, a careful

examination of laser-glazed TBC with a particular beam path revealed that a

rather similar columnar structure was deposited on the neighbouring area of the

substrate. Although deposition with the aid of lasers, which can be used in the

atmosphere in contrast with an electron gun, has been developed into Pulsed Laser

Deposition (PLD[276]), it had never been applied for complete coating deposition

under atmospheric pressure. Certainly, deposition in atmospheric pressure is

rather unfavourable for its own reasons (mainly due to a short mean free path of

molecules in the atmosphere, where approximately one collision happens every 100

nm). Based on the initial experiments, the atmospheric deposition could represent

a scientific and industrial opportunity for both research and application, and very

few studies have been dedicated to such exploration. Complex phenomena such as
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coating formation mechanisms, particle adhesion and cohesion, as well as

thermomechanical compliance have never been addressed in an atmospheric vapour

deposition process. Recognition of determining the aspects of the deposition

process in the atmosphere constitutes a major problem involving different aspects

of physics vital for the coating application process, which could be eventually

exploited as an in-situ coating application technique.

The development of post-deposition coating modification, control of the modified

coating structure, and coating deposition with in-situ potential is rather challenging

due to the following reasons:

� Coating durability in a real engine environment is rather complex.

Understanding the underlying reasons for coating failure and the influence of

coating microstructure on its performance is vital to avoid a time-consuming

trial-and-error approach and long tests of the specimens with unfavourable

microstructure. A comprehensive analysis of the failure reasons of both

as-sprayed and coatings that underwent modifications is essential for further

implementation of the modification strategy; neither of them has been fully

understood yet.

� Laser-matter interaction in case of laser ablation must be optimised in order

to produce minimal collateral damage to the part and coating itself. PLA is a

non-contact method for material removal, which, combined with changing the

thickness of the coating due to heterogeneous deposition, represents a major

challenge to affect the ceramic material only, leaving the substrate material

and/or bondcoat uninfluenced. This will allow the component to be recoated

again and continue service operation after coating reapplication. Moreover,

vaporisation and plasma formation induce high pressures and cause severe

cracking and even local spallation, which must be addressed in order to achieve

a coating with adequate properties.

� Achieving a continuous protective layer through laser melting is important

for protecting the coating from mechanical and chemical impact. This

manufacturing problem is challenging due to the complexity of the melting

and solidification phenomenon itself and becomes particularly problematic on

uneven grooved surfaces. One of the main physical obstacles on the way to a

continuous glazed layer is overcoming the Plateau-Rayleigh instability of

liquids simultaneously maintaining an acceptable level of thermal damage to

the TBC. Changing optical, thermal, and mechanical properties with raising

temperature make the process difficult to predict; optical transparency of the
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coating in the near-infrared spectrum, which is the typical spectrum of

common industrial lasers, becomes especially pronounced after remelting and

represents a challenge for its further application on a large area and limits

the carpet laying strategies.

� Crystal structure of the materials is of great importance for material

properties. Grain boundary design often plays an important role in achieving

superior mechanical properties. Grain size is known to influence the yield

strength of materials (via the Hall-Petch effect), crystal orientations and the

relevant misorientation angles within the grain boundary affect stress-driven

grain boundary motion, while the morphologies of crystals, i.e. dendritic,

cellular, or planar, can affect surface topology, as it was observed with ZrO2.

Understanding the grain formation during solidification is essential for

further ability to control material properties, which however had never been

addressed for laser glazing. Unusual habits of grain development were found

during the work on the laser glazing; although grain growth modelling is a

rich scientific field of predictive tools, existing models could not capture

observed phenomena, namely grain surface sealing and grain bending. A

predictive multi-scale model for energy transfer and fluid motion within the

molten pool combined with a correct grain growth model is necessary for

understanding grain formation and vital as a future predictive tool for

crystal formation.

� Careful examination of laser-melted patterns under certain conditions revealed

the formation of EB-PVD-like columnar microstructure at the sides of the

laser-melted grooves. To date, the very possibility of a vapour deposition under

atmospheric conditions of TBCs found limited attention in the literature. Such

work has likely been avoided due to the nanoscale length of the mean free path

of atoms in atmospheric conditions, difficult to replicate in a macroscopic

experiment.

1.3 Objectives of the study

The aim of the study is to advance current knowledge on thermal barrier coatings,

expand the range of potential range of modification techniques, and understand the

crystal formation of ZrO2 upon solidification and deposition. This is motivated

by the industrial need for optimisation of thermal barrier coating lifespan and

maintenance costs, allowing to commit modification on deposited coatings in-situ, as
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well as investigate new possible deposition techniques of ceramics in the atmospheric

environment with a laser energy source. The specific objectives of the study are listed

below:

� Investigate the possible ways for improving thermomechanical compliance of

thermally-sprayed coatings by modifying existing structures with in-situ

potential. Analyse the coating microstructure and minimise the damage by

adjusting parameters and strategy of laser ablation and laser melting.

� Asses the properties of the modified coating in simulated in-engine conditions,

and analyse the microstructural changes within the coating. A comparative

study of performance characteristics, failure mechanisms, and microstructure

transformations would allow for a better understanding of the benefits and

drawbacks of the proposed microstructure. Analysis of the failure mechanisms

enables further development of the proposed modification technique.

� Understand the governing mechanisms controlling grain boundary geometry,

and grain morphology in laser-melted thermal barrier coatings. This objective

is followed by the chosen modification approach which involves melting of

TBC via an energy source, i.e. laser. This will be done by multi-scale

modelling of laser melting and solidification. First, temperature distribution

will be obtained via finite-element modelling of coupled heat transfer and fluid

flow with a moving laser source. Temperature distribution will be further

analysed and used for explanation of unusual crystal growth directions and

grain morphology, found during laser glazing; to predict the crystal orientation

and grain boundary geometry, temperature distribution will be used as an

input for the microscale crystal growth model based on Cellular Automata

methods with particular attention to the different solidification in planar and

dendritic regimes.

� Investigate the possible TBC deposition techniques of ceramic materials with

a laser tool in atmospheric conditions. To date, nearly every laser-based

deposition technique utilising a laser requires a vacuum chamber, which is

unsuitable for an in-situ deposition process. To close this gap, various

deposition concepts in atmospheric conditions, in particular, deposition from

the vapour phase and from liquid phases. The examination of the deposited

coating microstructure and explanation of the deposition and microstructure

formation mechanisms are necessary to enable further development of the

technique in future studies.
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Chapter 2

Literature Review

In this chapter, a comprehensive literature analysis of advances in thermal barrier

coating systems and laser processing is presented. An overview of the thermal

barrier coating system will be provided, including layers’ purposes and functions.

An overview of state-of-the-art deposition techniques, including thermal spray and

vapour deposition methods, as well as techniques in research and development is

arranged. This will be followed by a detailed look at the degradation mechanisms

associated with TBC systems. Particular attention was paid to current techniques

allowing for coating modification. The main tool used in this work is laser-based.

The current state of laser microfabrication technologies, as well as the defects

associated with laser-fabricated components, are summarised in this chapter.

Different modification techniques are provided, including laser remelting and laser

grooving approaches, their current state and comparison. Finally, solidification

phenomena are discussed, with a focus on multiscale physical modelling of

microstructure upon phase transformation. The chapter is concluded with a

summary of current research gaps that have motivated the present work.
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2.1 Thermal Barrier Coating system

Thermal barrier coating (TBC) is an advanced multilayer system found in a variety

of applications ranging from the nuclear and aerospace industry to power generators.

The aim of TBC is to protect components from harsh thermal and mechanical

conditions and to increase the operating temperature above the melting point of the

component material [235]. Combining different materials in a multilayer system and

providing internal cooling of a component, it is possible to significantly reduce the

temperature at contact with the substrate material, and protect it from oxidation

in the hottest parts of the engine (Fig. 2.1).

Figure 2.1: Example of TBC application on a dynamic component. Cutaway
view of Engine Alliance GP7200 aircraft engine, a photograph of a turbine blade
( 10cm long) with TBC from the high-pressure hot section of an engine, and a

scanning electron microscope (SEM) image of the TBC cross-section. [52]

The first TBCs were implemented in the early 1960s, and the first burner-rig tests of

a multilayer TBC system with a NiCrAlY bond coat and a porous Yttria Stabilized

Zirconia (YSZ) topcoat were conducted at the National Aeronautics and Space

Administration’s (NASA) in mid-1970s [298]. This coating composition remains
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the state-of-the-art system for some components of the engine, As mentioned above,

the TBC system is a crucial technique for the increase in turbine engine efficiency

(Fig. 2.2). Initially, this TBC system was introduced to extend the lifetime of

stationary engine parts, e.g. combustor, turbine vanes, and was first used on

dynamic components in the late 1980s [52, 175].

Figure 2.2: Evolution of turbine entry temperature. [175]

2.1.1 TBC composition

A typical TBC system on a Ni-based superalloy substrate consists of three layers

(Fig. 2.1): metallic bond coat (BC), ceramic topcoat (TC), and thermally grown

oxide (TGO), growing between the BC and TC due to high-temperature exposure

and oxygen penetration through the ceramic topcoat.

Substrate

Typically, hot stage components are made of Ni-based superalloy with internal

cooling. The material itself is a sophisticated alloy with different microstructural

attributes, i.e. grain size, phase content and distribution, and grain boundary

morphology, directly related to their thermal and mechanical properties [83]. The

component may be cast as a polycrystalline piece or a single-crystal form. The

polycrystalline structure is typically used in the cooler stage of the turbine and
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combustor chamber due to potential damage accumulation at the grain boundaries

and faster diffusion at high temperatures, and single crystals, due to the absence of

grain boundaries at all, are used in the harshest engine parts, i.e. at the early turbine

stage [250]. The γ′ is an intermetallic phase, based on Ni3(Al, Ti, Ta) phase, coherent

with the matrix (γ phase) of the superalloy to strengthen the alloy matrix [160].

Carbides and borides improve creep performance of the alloy through grain boundary

sliding resistance improvement [83]. Overall, modern Ni-based superalloys contain

up to 12 additional elements for the sake of enhancement of specific properties,

such as oxidation resistance, hot corrosion resistance, high-temperature strength,

ductility, and castability [93].

However, metallic superalloys are not the only materials of interest for

high-temperature components, a modern trend in research and industry is focused

on Ceramic Matrix Composite (CMC) materials with even higher operational

temperature and extremely promising properties for the use in higher-performance

turbine engines [19]. However, even this material needs a protective coating for

preventing it from oxidation and volatilization and is used with Environmental

Barrier Coatings (EBCs). Nevertheless, the use of CMCs today is limited due to

the lack of some key technologies, such as material processing, the establishment of

design method and material evaluation techniques, that are currently being

extensively developed [252, 226].

Topcoat

Topcoat (TC) is a relatively thick (usually 100 to 500 µm) low thermal

conductivity layer of ceramic material, that provides thermal insulation. The most

typical material for a TC is zirconium dioxide stabilised with yttrium (III) oxide,

or Yttria Stabilized Zirconia (YSZ). Zirconium, being a transition metal, has

several oxidation states: normally the IV state is the most stable, giving the Zr4+

cation. Zirconia ceramics are based on this principal oxide of zirconium, zirconium

dioxide (ZrO2), which is one of the most stable oxides, meaning that it has a large

negative Gibbs function of formation (∆G298K=-1040 kJmol−1) [266]. Zirconia has

a melting point of 2710 °C [158], which made this material suitable for
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high-temperature applications. The high thermal expansion coefficient of this

material ( 11·10−6 K−1) is close to the one of metals and helps to reduce thermal

expansion mismatch stresses in the metal-ceramic interface.

Pure zirconia is a polymorphous crystal, where three allotropes are possible: cubic,

monoclinic, and tetragonal. In cubic crystal, a-axis of the crystal was reported to

be 5.167, while the monoclinic crystallographic phase has a=5.167, b=5.212, c=

5.317, and the angle between a and b axes is 99.02°[329]. Stable tetragonal zirconia

is not used for thermal barrier coatings due to its possible spontaneous transition

from tetragonal to monoclinic phase at elevated temperatures. Such transition is

diffusionless martensitic, accompanied by volumetric expansion and can lead to

catastrophic damage. However, the high-temperature morphs of zirconia, tetragonal

and cubic, can be stabilised by addition of oxides, such as Yttria Stabilised Zirconia.

At least three kinds of tetragonal phases can be distinguished in YSZ system:

transformable, or stable, tetragonal (t phase), non-transformable tetragonal prime

(t’ ), and a non-transformable tetragonal (t”), depending on the axes ratio c/a, (see

Fig. 2.3).

Figure 2.3: Variations in tetragonal allotropes of ZrO2 according to their cell
parameters. [329]

The transformable tetragonal zirconia is known for its high hardness and strength,

and the hardening mechanism associated with the tetragonal to monoclinic

transition is accompanied by a large (4.4%) [246] volume change associated with

pseudoplasticity [301, 282]. The volumetric expansion, often called transformation

toughening [48] has high importance for structural application: a bending strength

of 2 GPa [318] at room temperature was obtained in tetragonal zirconia stabilized

with calcium oxide. In contrast, zirconia having a purely monoclinic phase has a

bending strength of just 250 MPa [92]. At the same time, the transformable t
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phase undergoes the tetragonal to monoclinic transition at high temperatures,

which also leads to volumetric expansion and leads to damage in the heated

region, which limits the high-temperature application of the transformable YSZ.

The non-transformable t’ phase does not undergo the transformation to the

monoclinic phase under stress, thermal cycling, or ageing at temperatures up to

1200°C [114], which makes it desirable for TBC application. Instead, the proposed

mechanism for superior properties of t’ over its cubic allotrope is known as

ferroelastic domain switching. In the study on large t’ grain 3mol%YSZ, which

corresponds to 5.5wt% of yttria, the fracture toughness was 7.7 MPa · m1/2,

compared 2.4 MPa·m1/2 for the cubic 8mol%YSZ [144]. By XRD, no monoclinic

phase was detected, instead, a 90 °change in grain orientation was found, which

was attributed to ferroelastic domain switching. The governing mechanism behind

domain switching is the ability of the tetragonal unit cells to flip when the

appropriately aligned external stress is applied, which happens through the

movements of the zirconium and oxygen atoms. [127, 324].

The t’ phase can only be achieved via high cooling rate techniques, e.g. plasma

spray or electron-beam physical vapour deposition. Zirconia in this case is stabilised

through a mechanism known as displacive transformation, enabled by quenching

liquid or cubic phase from high temperature, or methods involving non-equilibrium

syntheses, such as sol-gel and mechanical alloying[114].
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Figure 2.4: (a) ZrO2–Y2O3 phase diagram.(b) YSZ phase diagram including
stable and metastable boundary lines [329]

YSZ has one of the lowest thermal conductivities of all ceramics, about 2.3 W·m·K−1

at 1000 °C [123] for a fully dense material, and can be even smaller in a porous

media. Zirconia topcoats can transfer the oxygen atoms to the underlying layers:

interconnected porosities and cracks always exist in the material, providing a short

path for oxygen to the bond coat. Moreover, because of the relatively high ionic

diffusivity of oxygen in the ZrO2-based ceramics, the layer is ”oxygen transparent”.

On the other hand, this high ionic conductivity further reduces the already low

thermal conductivity: oxygen vacancies, essentially being lattice defects, limit the

phonon mean free path to approximately the dimensions of the unit cell [123]. It
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also has a relatively low density (about 5.7 g/cm3 in fully-dense crystal), which

is important for the parasitic weight of the engine and centrifugal forces on the

dynamic components.

The search for new materials for the TBC application is ongoing. Besides a possible

increase in a coating lifespan, yet another driving force is the temperature limit of

tetragonal zirconia. In order to provide a more complete picture, some of these

materials are summarized in table 2.1.

Table 2.1: Comparison of topcoat materials

Materials Advantages Disadvantages
YSZ •High Thermal Expansion

Coefficient
• Phase transformation
at T > 1200°C

[36] •Low Thermal
Conductivity
• High Fracture Toughness

Pyrochlores
(e.g. Gd2Zr2O7,
La2Zr2O7)

• High thermal stability • Low thermal expansion
•Low Thermal
Conductivity

• Low fracture toughness

[36] •Low sintering tendency
[124]
Hexaaluminates
(e.g.
LaMgAl11O19)

• High Melting Point
• High Thermal Expansion
Coefficient
•Low Thermal
Conductivity

• Shrinkage caused by
recrystallization

•High Sintering Resistance
[325] •Phase stability up to

1800°C
Perovskites
(e.g.
SrZrO3)

• High melting point • Phase transformation
• Good thermal cycling
performance above 1250°C

• Low fracture toughness

[36]
[325]

Bondcoat and thermally grown oxide

The bondcoat (BC) is an oxidation-resistant metallic layer, typically 75 to 150 µm

in thickness, and its composition and geometry substantially dictate the spallation

failure of the TBC [235]. Since the topcoat is oxygen transparent, the composition

of the bond coat is chosen such as to grow a consistent layer of an oxide with
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high adhesion both to the topcoat and bond coat, which will also block further

penetration of oxygen; for these purposes, aluminium oxide is used in both thermal

sprayed and electroplated coatings.

Due to the high temperature of the bond coat during thermal cycling, and also the

increase of oxygen diffusivity with temperature, the oxide grows under a temperature

load, thus its name - Thermally Grown Oxide (TGO). The state-of-the-art bond

coats are NiCrAlY or NiCoAlY alloys [235], the material is engineered to ensure

that the TGO consists of α-Al2O3, grows uniform, slow and defect-free. α-Al2O3

has a low oxygen diffusivity and prevents further bond coat oxidation. The TGO

layer can grow up to 1 - 10 µm. Another important property of the bond coat -

its high adhesion - is achieved via reducing the sulphur (S) content to 1 part per

million and addition of sulphur ”getters” - Y, Zr [292]: segregation of S at the

interface TGO-BC drastically reduced the TGO adhesion [291].

2.1.2 Topcoat microstructure

The microstructure of thermal barrier coatings is fully dependent on its

manufacturing process and creates a significant difference in its properties and

durability. Two common processes for topcoat manufacturing are Electron beam

physical vapour deposition (EB-PVD) and atmospheric plasma spraying (APS)

techniques. Typical microstructural features of both types are illustrated in Fig.

2.5.

Figure 2.5: Cross-section of (a) Atmospheric Plasma Sprayed Coating and (b)
Electron beam physical vapour deposited thermal barrier coatings. [221]
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Figure 2.6: Morphology of EB-PVD P-YSZ TBCs in polished (left) and fractured
cross-section (right) in as coated condition. [280]

APS morphology is usually called ”lamellar”, ”splat-like” structure. An array of

molten ceramic droplets, or splats, with the usual size equal or less than 100 µm, are

moving towards the substrate, deforms and adheres to the substrate and previously

deposited splats. This results in coating porosity, microcracks between and inside the

splats. The cavities reduce the elastic modulus of the coating, therefore diminishing

the thermally induced stresses. On the other hand, gaps and cracks reduce the

resistance of the coating to mechanical damage, such as particle erosion and foreign

object damage.

Coatings produced by EB-PVD consist of an array of separated columns. These

gaps, as well as intracolumnar porosity, shown in Fig. 2.6, provide the matter with

free space and decrease stress accumulation, eventually leading to an improved strain

tolerance of the coating, since the columns under mechanical or thermal load can

move relative to each other.

A significant difference in the microstructure, as well as the different bonding

mechanisms between the topcoat and bond coat produced by different methods,

influenced the application of TBC and limited the APS coating to static

components. EB-PVD produced structure, more durable, strain tolerant, and more

erosion-resistant [221], can be applied on all the components of engines where

needed, however, due to the higher cost of this type of coating, it is usually

deposited on dynamic components of an engine, where the working conditions are

more severe.
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2.1.3 TBC deposition methods

Constant seek for a reliable coating resistant to the harsh environmental conditions

of the combustor and turbine stages have been driving the research and industry

for decades. Besides the coating material itself, the coating microstructure plays a

crucial role in the overall lifespan of the coatings. Coating adhesion, its estimated

lifespan and resistance to erosion and foreign object damage, as well as deposition

speed, has divided the coatings into two main types, providing different coating

microstructure: thermal spray methods and physical vapour deposition methods.

While thermal spray methods are cost-effective and provide a fast deposition,

generally they show lower performance characteristics compared to PVD-produced

ones. Here, different thermal spray and vapour deposition techniques will be

discussed, as well as new concepts being researched. While the aim of this

subsection is to provide a broad overview of deposition techniques, the subsection

is mainly focused on deposition techniques suitable for topcoat application.

Thermal spray techniques

Thermal spray techniques are based on the idea of accelerating and/or heating the

feedstock material it via a heat carrier (plasma source, combustion gases,

high-velocity gas) [289], and delivering it to the substrate material, where kinetic

energy will be delivered simultaneously with the heating energy.

Based on the heating principle and the particle acceleration level, the most

common thermal spray techniques can be divided into the following groups:

Atmospheric Plasma Spray (APS), Combustion Flame Spray (CFS), High-Velocity

Oxy Fuel Spray(HVOF), Solution/Suspension Precursor Plasma Spray (SPPS),

Detonation Gun (D-Gun), Cold Spray, and Warm Spay techniques. Two main

process parameters, namely carrier gas temperature and particle velocity, are

compared in Fig. 2.7 for some thermal spray processes.
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Figure 2.7: Comparison of different thermal spray processes in terms of particle
velocity and temperature. [172]

Thus, coatings produced by thermal spraying techniques have a splat-like structure,

porosity between splats, microcracks, and a fine columnar grain structure due to the

rapid solidification of the splat.

Atmospheric Plasma Spray (APS) The most common example of topcoat

deposition is atmospheric plasma spray (APS), where inert gas (typically an Ar-He

mixture) is heated by an electronic discharge, creating a high-temperature plasma

plume. The powder feedstock with characteristic size up to 100 µm is injected into

the plasma jet where it melts and accelerates and is delivered to the substrate (Fig.

2.8). The majority of static components of gas-turbine engines, such as combustor

tiles, are applied via this method.
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Figure 2.8: Schematic of Atmospheric Plasma Spray process and governing
process parameters. [86]

To increase the temperature of the plasma jet, molecular gases such as hydrogen and

nitrogen are added to the inert gas. In plasma spray, jet temperatures can exceed

14000 K [313].

Feedstock material can be added to the jet coaxially or radially just at the exit of the

nozzle. The arc-heated plasma is accelerated in a converging nozzle and exchanges

its kinetic energy with the powder feedstock material. To reduce particle oxidation

issues (in the case of metallic materials) and modify the flame shape, the jet can

be shielded with a secondary inert flow [289]. For the APS process, the selection of

appropriate feedstock particle size is important; the upper size boundary is dictated

by the ability to melt the particles before reaching the substrate. Deposition of

submicron particles is limited due to its low effective cross-section, resulting in

limited particle acceleration [142].

APS process can develop particle velocities of 130-180 m/s and requires high

power inputs, typically 50-100 kW [278, 354]. By varying the process parameters,

the coating porosity can be adjusted in the range of 5-15% and above [200, 55].

APS process is widely used for coating static components of aero-engines,

providing thermal conductivity lower than the dense material, however, having

poor bonding strength and resistance to mechanical impact. Compared to
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vapour-deposited topcoats, APS topcoats have lower thermo-mechanical

compliance and generally lower durability [235], which also applies to all coatings

produced via thermal spraying methods.

Solution/Suspension Precursor Plasma Spray (SPPS) In order to overcome

the lower particle boundary limitation for the APS process, SPPS technology can be

used. Relying on the same physical principle as APS, SPPS heats and accelerates

the particles with an inert gas plasma jet, the particle size is artificially increased

by creating a solution or suspension of the particles. The mixture (solution or

suspension) is first atomised and the sub-micron or nanometre-sized particles are

coated with the binder; when the atomised feedstock reaches the jet, the liquid

solvent with the particle is propelled and heated, during which the liquid evaporates

and then the solid material melts. The benefit of the SPPS technique compared to

APS lies in its ability to deposit fine columnar coating, similar to one produced by

vapour deposition in vacuum. [236, 143, 26].

Combustion Flame Spray (CFS) Instead of accelerating the carrier through

electric heating, as is the case in the APS process, the energy can be taken from

an exothermic chemical reaction between a fuel and an oxidant. This process, a

predecessor of APS, is called Combustion Flame Spraying (CFS). The maximum

temperature combustion products can develop is limited by the adiabatic flame

temperature, dictated by the fuel and oxidiser. Commonly, the feedstock is melted

and accelerated by burning acetylene in oxygen with at 3100oC [128]. Due to the

lower combustion temperature, it is generally challenging to deposit a coating of

high melting point materials, such as ceramics, and the powder is fed axially into

the flame to increase its in-flight time. In CFS process [119]. The particles in

the CFS process typically reach velocities in the range of 30 ÷ 120 m/s and are

characterised by a high level of porosity.

High-Velocity Oxy-Fuel Spray (HVOF) HVOF is the successor of the CFS

process, where the spraying gun is modified with a combustion chamber followed

by a convergent-divergent nozzle, where the combustion products are accelerated to
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supersonic speeds. This allows reaching particle velocities of 1000 m/s [319]. The

stand-off distances are typically higher compared to CFS and APS techniques due to

the high velocity of the particles and consequently shorter periods of heat exchange

between the jet and particles. The HVOF coatings are typically characterised by

high density and are often used to apply metallic bond coats ([309, 139].

Detonation Gun (D-Gun) In D-Gun spraying, the feedstock material is

accelerated by a discontinuous combustion process. Among all thermal spraying

techniques, detonation gun reaches highest temperatures ( 4000oC) and jet velocity

(up to 3300 m/s shockwave that propels the feedstock), which allows to obtain

particle velocities exceeding 1200 m/s [125]. The fuel for a detonation gun, like

CFS, is typically acetylene with oxygen as an oxidiser. Combustion mixture

together with the feedstock material is injected into acceleration tube, where the

mixture is ignited at frequencies 1-100 Hz. Due to high particle velocities, the such

method produces dense coatings with high bonding strength and limited in-flight

oxidation [150, 356].

Cold spray For oxygen-sensitive materials, the cold spray technique is often

applied. In this method, powder feedstock is accelerated to high velocities below

melting point temperatures, which allows reducing in-flight time and oxidation

rate. This method was developed accidentally while experimenting the high-velocity

particle erosion, and the rapid coating formation was observed [172]. The solid-solid

particle interaction can be summarised in Fig. 2.9.

Instead of combustion gases, cold spray relies on high pressure, ≈4MPa, process

gases (nitrogen or helium and air), which is accelerated in a convergent-divergent

nozzle. Since the cold spray is an all-solid-state process which relies on plastic

deformation of the material, its use with ceramics is limited [137]. With the

combination of very high velocities and low temperatures (below 800 oC), cold

spray is able to produce very dense and well-adhered coatings with limited or no

oxide strings within the coating[215, 296, 42].
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Figure 2.9: Classification of solid-solid particle interaction in terms of impact
velocity and particle diameter.[172]

Warm spray In order to deposit a wider range of materials without thermal

deterioration (e.g. purity, crystallinity), it is beneficial to have solid-state

interaction. For some applications, it is beneficial to increase the temperature in

the range of 800 - 1500 oC, since adhesion, cohesion, and densification behaviour

relies on the mechanical properties depending on the temperature [148].

In warm spray, a supersonic jet is used which reaches speeds in the range of 900-1600

m/s. A warm sprayed coating is typically characterised by high density and low

oxidation levels compared to the APS process. Highly-active metals, metallic glasses

can be fabricated with high purity and high density; besides, metal oxide TiO2

deposition was reported which kept the original crystal structure [149].

Vacuum deposition processes

Physical Vapour Deposition (PVD) Physical Vapour Deposition processes

are atomistic deposition processes in which the target material undergoes phase

transitions from solid or liquid to vapour phase in form of atoms or molecules and

travels to the substrate in form of vapour through a vacuum or low-pressure

gaseous environment, where it condenses onto the substrate surface. Since
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deposition happens atom-by-atom, deposition rates are much lower compared to

spraying techniques; typical deposition rates of PVD systems are 1-10 nanometers

per second, and PVD is utilised for thin film application [204]. By far, the most

common technique from this branch for topcoat application is the electron beam

physical vapour deposition (EB-PVD) technique.

Electron Beam Direct Vapour Deposition (EB-DVD) EB-PVD is a vacuum

deposition(evaporation) technique, where the energy source for material evaporation

are accelerated electrons, typically from a thermionic source. The electron beam is

accelerated with a potential of several kilovolts and bombards the surface, acting

as an energy carrier and is absorbed by the material, where it interacts with the

crystal lattice, and its kinetic energy is eventually surrendered by it. This energy

breaks the lattice bonds, melting and evaporating or even sublimating the material

[121]. Typical pressure during deposition process is 10−5 - 10−9 Torr.

EB-PVD process is used for topcoat application on the dynamic components of the

engine. ZrO2 undergoes a dissociation reaction, creating a positively charged cation

of zirconia with oxygen vacancy; sometimes, it is beneficial to apply a negative

potential to the substrate material (substrate biasing, [355]), thus increasing the

energy of the particles, which may result in higher adhesion of the layer. The

substrate is usually heated, which allows to an increase in the coating adhesion,

i.e. adatom–substrate and adatom–film diffusion by giving the adatoms additional

energy.
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Figure 2.10: Electromagnetic alignment in EB-PVD system. Modified
schematics from [121]

Plasma-Spray Physical Vapour Deposition (PS-PVD) PS-PVD is a

low-pressure deposition technique from the vapour phase, where a high-energy

plasma gun is used and operates at reduced work pressure of 0.1 kPa (compared to

conventional vacuum plasma spraying (VPS) and low-pressure plasma spraying

(LPPS) in the range between 3 and 20 kPa) [333]. Due to the high energy plasma

and reduced work pressure, the deposition process happens from the vapour phase.

By varying the process parameters, both splat-like and columnar microstructure

can be obtained. At such low pressures, the plasma plume expands and therefore

creates more homogeneously distributed temperatures and velocities of the

particles. At the same time, the working pressure of 0.1 kPa is still much higher

than that of other PVD, e.g. EB-PVD, techniques (10−3 - 10−7 Pa). Strain

tolerant topcoats with comparable performance to EB-PVD coatings can be

achieved [47, 333].

Chemical Vapour Deposition (CVD) Previously discussed thermal spray and

PVD techniques, although some of them have been widely utilised, have a limited

capability to coat complex-shaped components due to their line-of-sight nature.

An alternative family of processes, chemical vapour deposition methods, can coat

components with excellent conformal coverage[74, 89]. In CVD, the coating is formed
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from the reaction of volatile precursors on the substrate surface (Fig. 2.11). There

are many CVD methods for YSZ deposition.

One of the most common processes is thermal CVD, where the precursor (most

commonly, a metalorganic mixture of Zr(dpm)4 Y(dpm)3, or Zr(thd)4 Y(thd)3,

where dpm is dipivaloylmethanate and thd is tetramethyl-heptanedionate) with the

oxidiser carried by inert gas is heated by a hot wall or hot filament, which causes

decomposition of gas and generates radical species that can reach the substrate by

diffusion. Activation temperature is usually high (773-1173K), and leads to cubic

and mixed monoclinic and cubic phase morphologies of deposited YSZ used for the

production of solid oxide fuel cells, gas sensors, and gas separation membranes.

Figure 2.11: Schematics of a thermal CVD process.[372]

Thermal CVD typically has low deposition rates, 0.5-20 µm/h, and after thorough

optimisation deposition rates of 108 µm/h were achieved [107]. Later, Betrand and

Mevrel [25] developed a more effective process by adding an auxiliary microwave

generator. In this process, called Plasma Enhanced CVD (PE-CVD), the chemical

reaction was energy-enriched by means of microwave plasma, and higher

deposition rates, 250 µm/h and above became possible. In PE-CVD, the coating

consisted of a preferable metastable t’ phase; the deposition temperature is high

for most of the CVD processes and plays a crucial role in the phase and

microstructure formation, where higher deposition temperatures (1173 oC) create
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regular well-developed columns similar to those produced by EB-PVD. Another

popular way to control the deposition process is by means of laser heating,

laser-assisted CVD (LA-CVD), developed in the early 1980s [227]. In LA-CVD,

the reaction takes place at the substrate heated by the laser in a cold-wall CVD

chamber. The combination of relatively high precursor concentration and laser

power of 250W created deposition rates of 660 µm/h, and can potentially become

a new state-of-the-art method for TBC deposition [89, 105]

Other deposition techniques

Wet chemical deposition: sol-gel Slurry deposition techniques fall into the

category of wet chemical deposition wherein the material to be deposited is mixed

with a solvent, creating a solution, and the slurry is applied on the surface, dried,

and sintered [54, 62]. The most common slurry deposition routes are suspension

slurry and sol-gel slurry. In suspension slurry, YSZ powder, typically in the

submicron range, is mixed with a binder, such as water pr 1-propanol, creating a

suspension. In sol-gel, the particles are fabricated from metal alkoxide solutions,

for instance, zirconium (IV) propoxide (Zr(OPr)4), yttrium (III) nitrates

hexahydrate, and 1-propanol acting as a solvent [247]. Such composition is used to

generate submicron YSZ powder upon supercritical drying of a solvent, creating a

gel [328]. The following heat treatment (sintering) is an essential step in promoting

particle agglomeration and enhancing coating cohesion and adhesion. Heat

treatment is often performed in a furnace or by means of laser radiation, with the

temperatures reaching 1150 °C, limited by the melting temperature of the

substrate [336, 328]. Various routes of sol-gel manufacturing techniques are

presented in Fig. 2.12.
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Figure 2.12: Different routes and stages of the sol-gel technology. [368]

Slurry deposition techniques can coat complex surfaces, and have been widely

implemented for sensor fabrication, UV-inhibiting sunscreens, laser optical

elements [62, 39]. The durability of sol-gel-produced coatings can overcome those

produced by the EB-PVD method in certain tests [63].

Direct Laser Deposition (DLD) Direct laser deposition is a method of

manufacturing components in bulk or depositing coatings by means of laser

melting (Fig. 2.13). In DLD, the powder material is delivered by a carrier gas to

the substrate, where it is heated and melted by a laser beam. The coatings

typically have a dense structure with high hardness and excellent erosion

resistance [20, 230]. Typically, DLD-produced ceramics suffer from poor bonding,

cracking, and lowered fracture toughness [131, 130].
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Figure 2.13: Direct Laser Deposition for coating application. [368]

Vapour deposition in atmospheric pressure Very few studies were

conducted on the possibility of laser deposition in atmospheric pressure [288, 159].

Zihao Ouyang [231, 232, 233] developed a YSZ deposition system based on a

nanosecond Nd:YAG laser and a 6kW microwave plasma torch and achieved a

columnar structure on a René N5 superalloy, Fig. 2.14. In his study, Zihao used

high-temperature plasma for both delivering the ablated particles to the substrate

and for heating up the substrate to temperatures from 20 °C to 1300 °C. The study

was mainly focused on plasma characterization of plasma with limited attention

paid to material characterisation. Adhesion of such coating is questionable since

the vaporised molecules leave the target to collide with molecules of the ambient

environment, resulting in loss of energy and lower adhesion.
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Figure 2.14: Laser Assisted Pulsed Laser Deposition experimental setup [231]

.

Adhesion strength was tested by scratching the coatings with a thin plastic stick

[233]. Due to deposition setup limitations, it was impossible to achieve separate

control of the substrate temperature and plasma torch flow and temperature,

which is presumably beneficial to control independently. This research work

demonstrated the potential possibility of columnar structure deposition in

atmospheric pressure. The microstructure consisted of separated columns (Fig.

2.15). believed to enhance thermomechanical compliance of the coating, recreating

the microstructure of vacuum-based deposition processes.
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Figure 2.15: Columnar structure of YSZ, achieved by pulsed laser deposition
in atmospheric pressure. (a) ion-beam milled cut for patch repair; (b) deposited

columnar microstructure. [231]

.

2.1.4 Coating adhesion

Adhesion is the property of two dissimilar materials sticking to each other. Usually,

it refers to two different meanings: in coating technology, adhesion is usually meant

the mechanical force or energy that is required to separate the coating material

from the substrate. The physical or chemical meaning of adhesion corresponds to

the forces between molecules forming the contact. When two bodies are brought to

close contact a new interface is formed, and the nature of interaction at the interface

determines the adhesion energy [219].

Adhesion energy (Ea) can be defined as the difference between the initial state (Ei),

i.e. before the contact, and energy in the final state (Ef ), when the bodies are in

intimate contact [212]:

Ea = Ei − Ef , (2.1)

According to the equation above adhesion, energy must be in the order of magnitude

of the surface energies of the bodies, in order of mJm−2 [219]. Here, adhesion is a

purely interface phenomenon defined by a few surficial layers.

Coating adhesive properties can be described by the following theories:



Chapter 2. Literature Review 35

(i) Mechanical theory;

(ii) Diffusion theory;

(iii) Electronic theory;

(iv) Dispersive adhesion theory.

Mechanical interlocking theory is based on topographical irregularities of the surface.

The potential bonding area is higher on a rough surface, that on a smooth one. In

thermal spraying techniques this bonding mechanism is believed to be the dominant

one, and in order to increase coating adhesion the surface is ”roughened”, e.g. by

shot blasting. Nevertheless, the topographical properties of the prepared surface

must correspond to the applied coating, more precisely - with its viscosity. When

the viscosity of the coating is too high, there is a chance that the coating material

will not penetrate into the deep and narrow surface irregularities, or will solidify

faster than the time necessary for the movement, resulting in poor adhesion.

Diffusion theory can be explained as the motion of adatoms, i.e. adsorbed atom,

molecules and atomic clusters at surfaces [229]. This motion is generally driven by

thermal energy and increases with temperature. This type of adhesion is affected by

surface-adsorbed particle bonding strength, crystal lattice orientation, the difference

in chemical potentials, and attraction or repulsion between the materials.

The main concept describing the kinetics of diffusion theory is known as

nearest-neighbour adsorption (which further developed into

next-nearest-neighbour), where the adsorbed atoms are residing at adsorption

sites, which is changed by a jumping process. This is a probabilistic process,

characterized by attempt frequency and a thermodynamic factor, defining the

probability of a successful jump attempt.

Diffusion of adatoms is defined by different mechanisms, that dictate kinetics,

adatom mobility, and temperature dependence. The jumping mechanism, the most

basic one, explains the motion through the successive jumps from the adatom

residence place. Atomic exchange, the second mechanism, is the exchange of

surface vacancies fulfilling with an adatom and a surface atom. After this event
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took place, the surface atom becomes an adatom and vice versa. Besides, diffusion

of adatom congestions, or clusters, is possible, their movement can be a result of

individual atoms displacement, section or the entire cluster at once [229].

Electronic theory. This type of adhesion is based on the idea of charge contrast

between dissimilar materials because of the difference in Fermi levels [219], resulting

in a double layer with an electronic potential difference. Here, apart from the

electronic potential difference, charge separation plays a role.

Dispersive adhesion, or Van der Waals adhesion, is the type of attraction caused

by so-called dispersive forces: It includes London forces and dipole-dipole forces.

Among others, van der Waals forces are characterised by the weakest of all

intermolecular forces. Dipole-dipole forces occur between polar molecules due to

charge separation, such as in hydrogen chloride molecules. These forces are similar

to ionic chemical bonds but incomparably weaker. The London force, called after

Fritz London, is a type of intermolecular force occurring between nonpolar

molecules and atoms as a result of the motion of electrons due to uneven

distribution of the latter, therefore temporarily creating a dipole. Such a weak

dipole can influence neighbouring atoms and molecules causing electrostatic

repulsion or attraction and inducing a dipole on neighbouring atoms. Van der

Waals forces frequently occur in nature, allowing geckos to adhere to walls and

molecularly smooth surfaces through hierarchically structured setae [14, 88] to

interplanar bonding in some crystals such as graphite [286] and MoS2 [382].

2.2 TBC degradation mechanisms

The lifespan of thermal barrier coatings is limited. Due to a wide variation of the

processes occurring within the coating is why TBC failure is not completely

understood. The physical phenomena occurring during the lifetime of TBCs

involve thermal conduction, thermal expansion, elastic, plastic, and creep

deformation, diffusion, oxidation, phase transformation, radiation, sintering,

fracture and fatigue [235]. It is known that depending on the microstructure of the
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coating, or the deposition method, the coating failure mechanisms may differ [236].

Besides the typical heating/cooling cycles and subsequent TGO growth, TBCs are

also susceptible to mechanical impacts, such as foreign object damage and erosion

[352, 103]. Infiltration of molten sand, corrosion by molten

Calcium–Magnesium–Alumino Silicates (CMAS), is a damage mechanism which

can be expected in working conditions at sufficient temperatures [331, 253]. Fuel

impurities, such as vanadium, sulfur, and sodium, in form of sulfate and vanadate

salts and known to cause the TBC failure during service through the process

known as hot corrosion [138, 209]. Sintering effects and phase transformation are

particularily pronounced at temperatures above 1000 °C and also known to

contribute to TBC failure [377].

Evans et al. [75] distinguished five major failure categories for thermal barrier

coating systems, summarised in Fig. 2.16. 1. Spinels can form between the TGO

and the bond coat or between the TGO and the TBC in some cases [299]. When

this occurs, it is assumed (but not proven) that the spinel’s ”brittleness” causes

delamination. 2. In other cases, particle impact and foreign object damage (FOD)

cause local compression of the TBC, resulting in hot spots in the underlying bond

coat that contribute to failure [222]. 3. Thermomechanical spallation at TGO,

which includes the energy density in the TGO as well as imperfections in its vicinity.

The failure scenario, in this case, obeys the following process: (a) Imperfections in

(or near) the TGO form the nucleus of small cracks and separations. The growth

is governed by the tensile stresses that form around these imperfections and the

associated energy release rates. (b) The small cracks extend and coalesce once

nucleated, but the TBC may remain attached to remnant ligaments. (c) Failure

occurs when the ligaments detach over a large enough area to create either a

large-scale buckle (designated LSB) or edge delamination that eventually spalls from

the substrate [50].



Chapter 2. Literature Review 38

Figure 2.16: Major failure categories of thermal barrier coatings [75]

2.2.1 Oxidation and TGO spallation mechanisms

As the mechanisms of TBC failure, edge and buckle-driven delamination compete.

The basic elements of this competition are represented by the failure map (Fig. 2.17)

[75]. The TBC in the upper right has relatively high in-plane stiffness and limited

strain tolerance, resulting in large residual stress and a high strain energy density.

This energy density augments the TGOs and provides a strong driving force for

edge delamination, which is resisted by mode II toughness along the most brittle

pathway (among the TBC, TGO or interface).

The low in-plane modulus of the TBC in the lower left of the map does not resist

small-scale buckling of the TGO, causing the system to fail under conditions similar

to those for the TGO in the absence of the TBC. Small-scale buckling and edge

delamination are suppressed at the intermediate levels of in-plane modulus, and the

system resides in a ”fail-safe” domain until degradation phenomena operate on either
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Figure 2.17: Edge delamination and large scale buckling as a function of TBC
modulus anisotropy [75]

of these mechanisms. TBC systems operate in the following two main domains:

i. When the TBC is subjected to thermomechanical loadings typical of ”power

generation,” with long high-temperature exposures and minimal thermal cycling,

the cracking patterns are dominated by a combination of TGO growth stresses and

thermal expansion misfit stresses.

ii. Aero-engines loadings, where extensive thermal cycling is more likely to be

affected by strictly cyclic phenomena such as ratcheting, in which cyclic

displacements of the TGO into the bond coat create delamination strains in the

TBC.
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2.2.2 Sintering effects

Most of the coating microstructures exhibit a certain level of thermomechanical

compliance. In the case of thermally sprayed coatings, compliance is achieved by

the internal porosity, intra-splat cracks opening and closure, and inter-splat sliding

[153, 46]. With time, these characteristics deteriorate during the service life resulting

in increased thermal conductivity and densification [53]. As a consequence, higher

thermal stresses a generated within the coating-superalloy system. Zhu and Miller

[383] studied the sintering of a free-standing plasma-sprayed ZrO2 coating, and

sintering was characterised by measuring shrinkage; other approaches utilise the

measurements of elastic modulus change [177].

2.2.3 Phase stability of topcoat materials

At temperatures above 1200 °C, the metastable tetragonal t’ phase is partitioned to

the stable tetragonal t and cubic c phases as a result of yttria diffusion within the

material. The stable tetragonal phase can be further transformed to monoclinic m

phase upon cooling with associated detrimental expansion of the lattice[210, 279].

Overcoming phase stability and sintering issues lead to the exploration of new

stabilising materials. For instance, Gd2O3 stabilised ZrO2 was investigated by

Rahaman et al. [259], and higher phase stability of t’ and lower sintering rate was

found for gadolinia-stabilised zirconia. The effects of alternative stabiliser material

were summarised in the table 2.1.

2.2.4 Effect of residual stresses on coating durability

The failure of YSZ TBCs is caused by a combination of residual loads and service

stresses. Cracking and delamination of YSZ coatings are caused by residual strains

induced in the coatings. Segmentation cracks are frequently detected shortly after

thick coatings have been applied [110, 374]. The two major sources of residual

stresses in plasma sprayed coatings are quenching, which is caused by rapid shrinkage

and contraction of the molten splats during the coating deposition process [171, 170],



Chapter 2. Literature Review 41

and thermal stresses, which are caused by a thermo-mechanical mismatch between

the substrate and the coating during the post-deposition cooling stage.

Zhang et al. [374] used an analytical model and experimental data from four-point

bend tests to evaluate the influence of residual stresses on the fracture properties

of YSZ TBCs. The effect of thickness, elastic modulus, and residual stresses on

coating fracture qualities can be described in this mathematical model (Fig. 2.18).

The critical strain at which the first transverse crack formed was lower for coatings

with low compressive stress and porous microstructure deposited at low deposition

temperature, according to an investigation of the fracture properties of plasma

sprayed YSZ TBCs on stainless steels deposited at different deposition temperatures.

The deposition temperature has an effect on the fracture characteristics of TBCs.

The coatings with the best crack resistance were those that were deposited at a high

temperature and had a high level of compressive residual stresses. The fracture

energy and mode of fracture toughness of the coating increased as the compressive

residual stress rose.

2.2.5 Molten silicates penetration

Among all the failure reasons, in-service erosion caused by the deposition of a

significant amount of calcium–magnesium–alumina–silicate (CMAS) at high

temperature was found to be one of the most prevalent failure modes in EB-PVD

coatings [45]. Sand particles, reaching the TBC-protected engine components

during engine operation, become molten and adhere to the surfaces. This layer can

significantly decrease the strain tolerance of the coating [45, 253] because of the

excellent wetting characteristics of these glasses (can bee seen in Fig. 2.19), it

penetrates the surficial pores and gaps, solidifies, creating a dense surficial layer

and linked porosities, holding down the hole structure and increasing the elastic

modulus of the system as a whole, especially in case of EB-PVD structure.

Furthermore, the high-temperature CMAS-coating interaction was found to cause

destabilisation of t’ phase due to yttria depletion, and subsequent

tetragonal-monoclinic transformation [253].
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Figure 2.18: The effect of deposition temperature on (a) residual stress at the
coating surface and (b) elastic modulus [374]

Figure 2.19: Microstructure of 7YSZ TBC column tips infiltrated by synthesized
CMAS at 1260°C for 4.25hrs. [241]
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CMAS mitigation techniques

To mitigate the CMAS attack on TBCs, Aygun et al.[16] incorporated 20 mol %

Al2O3 and 5 mol % TiO2 in the solid solution form of YSZ TBC (and not as a

discreet second phase as described in some other works). The results reveal that the

YSZ with Al2O3 + TiO2 is efficient against CMAS assault by completely destroying

the CMAS glass piercing front at 1121 °C.

Drexler et al. [68] employed the more adaptable APS technique rather than SPPS

to deposit a solid solution with the same composition for testing thermal stability

and CMAS resistance. At 1200 °C, the results showed that YSZ + 20Al + 5Ti

APS TBC was extremely resistant to CMAS attack. The CMAS penetration depth

was about one-third of the coating thickness before being thwarted by crystalline

anorthite production at the leading edge. The CMAS attack mitigation strategy

employed by the APS technique was comparable to that of the YSZ + 20Al + 5Ti

TBC deposited by the SPPS approach in previous research. The success of the

APS process coating, on the other hand, provides advantages in terms of process

diversity, simplicity of processing, and reduced cost.

2.2.6 Foreign object damage (FOD) and coating erosion

The impact of high-velocity objects results in entire thermal barrier destruction,

whereas erosion can cause incremental thickness loss during operation. Depending

on the size of the impacting object, three modes can be distinguished [351]:

• small particle erosion. Damage is restricted to the TBC’s near-surface region, and

material removal comes from cracking of neighbouring columns in case of EB-PVD

coating, and from splat loss in case of APS coatings. After impact, generally

at a depth of 10–20µ m, and the concurrent loss of material from a cluster of

nearby columns. Plastic deformation of the near-surface region is evident at high

temperatures, and this limits the depth to which cracks spread.

• transition mechanism that occurs between erosion and FOD, called compaction

damage, exists for EB-PVD TBCs. It entails column compaction without the
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cracking that happens during erosion or the massive column deformation that occurs

with FOD.

• Foreign Object Damage (FOD), involves gross plastic damage and the propagation

of shear bands down to the BC-TC interface.

The findings of Nickolls et al. [221] suggest that erosion resistance of EB-PVD

coatings is ten times higher than that of APS coatings, both at room temperature

and at 910 °C. Significant difference in erosion resistance is attributed to poorly

bonded splats in APS coatings.

Figure 2.20: A schematic diagram of the failure modes for an APS and EB-PVD
TBC.. [221]

Erosion and foreign object damage resistance can be potentially improved, for

example by densification of the surficial layer, also known as ”glazing” [317], adding

an additional layer of alumina or chromia particles or precipitates, which will increase

the wear resistance of the coating by increasing micro-hardness of the coating[265,

140].

2.2.7 Thermal barrier coating system modification

techniques

To tackle the durability issues and adopt the properties of the coatings to comply

with the engineering requirements, the thermal barrier coatings system has been

constantly evolving. First, the two most important sources of durability are coating
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composition and coating microstructure. In order to increase the fracture toughness

of the oxide, the composition of the ceramic coating was adjusted to stabilise its

tetragonal t’ phase. The microstructure of the coating, in its turn, is dictated by

the manufacturing method of the coating, mainly divided into two groups: vertical

columnar grains with high adhesion for vapour deposited coatings, and lamellar

structure for thermal spray coatings.

Pre-deposition TBC modification and modified deposition processes

Nanoheap TBC design Engineering nanostructured YSZ TBCs to mitigate

sintering effects has been the subject of several studies. Because of the smaller

powder size, nanostructured coatings offer significant increases in TBC service

performance, allowing for improvements in physical and mechanical qualities. To

generate nanostructured air plasma sprayed YSZ coatings, the spray parameters

must be carefully controlled to avoid complete melting of nanostructured YSZ

agglomerates in the plasma jet and to maintain the agglomerates’ nanostructure in

the coating microstructure, schematically shown in Fig. 2.21. Controlling the

number of molten and porous semi-molten particles previously incorporated in the

coating microstructure can significantly alter the coating’s mechanical response

[187, 188]. The thermal shock tests were conducted out at temperatures ranging

from 1000 to 1300 degrees Celsius and showed significant improvement in thermal

cycling life [184]. This approach shrinks down the spraying parameter window

[187, 182].

Lima and Marple [186] studied the microstructure of air plasma spray coatings

made from nano-agglomerated YSZ powders in order to avoid sintering effects.

The results revealed that heat treatment increases the coarse porosity levels of the

nanostructured coating. After 20 hours at 1400 °C, the coarse porosity level of

the nanostructured coating was 3.5 times that of the original conventional coating.

Because the sintering rates of the matrix and nano-zones in the nanostructured

coating differed at high temperatures, an unique behaviour emerged. Nano-zones

have a stronger driving force for sintering due to their bigger surface area. As a



Chapter 2. Literature Review 46

result, the nano-zones shrank more quickly than the matrix, resulting in coarse

pores.

Figure 2.21: Schematic of the orientation and dimensions of the 2D pores. [182]

The coarsening of the nanoparticles, as well as sintering due to their greater

surface area, are challenges for nanostructured coatings at higher temperatures

[255]. Sintering effects cause irreversible changes in coating structure, resulting in

a decrease in heat conductivity [104]. Nanostructured coatings have lower heat

conductivity due to increased porosity. Because of the sintering of the coating, the

microstructure changes significantly with heat treatment duration, and the grain

size of the nanostructured zirconia coating grows dramatically with annealing time

[146]. This suggests that the sintering of the nanostructured coating contributes

more to its thermal conductivity than the traditional coating. The thermal barrier

effects of nanostructured coatings are more sensitive to the temperature. In effect,

this modification technique acts as a discontinuity and can be seen as a filled pore.

However, such advantageous modification approach can lead to a decreased erosion

resistance of the coating.

Graphene protective coatings for enhanced oxidation resistance Refined

metals, which are frequently utilised in academia and industry, are chemically

reactive and hence require a protective coating to prevent contact with the reactive

environment. Ultra-thin coatings such as graphene are known to act as an

oxidation barrier.

Graphene has outstanding thermal and chemical stability at significantly higher

temperatures (>1500 °C) [59]. Graphene’s characteristics make it excellent for

protective coatings. Graphene has been utilised to coat metal surfaces as a protective

layer [42].
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Nayak et al. [220] showed the use of CVD-grown graphene sheets on the surface of

a Ni substrate to shield it against air oxidation. There were 2 types of samples

used. The first set of samples consisted of pure Ni foils with a thickness of 0.1 mm,

whereas the second set of samples consisted of graphene-coated Ni foils with the

same dimensions, both manufactured at low temperatures (800 °C). Nayak found

excellent oxidation resistance up to 500 °C, after which the coating disappears.

Although graphene and graphene oxide can present an excellent oxidation barrier,

the temperatures are far below the temperatures used in aero-engine environments.

To date, no reports were found for graphene-TBC systems, nonetheless,

graphene-enhanced coatings can increase the oxidation resistance of the topcoats.

Pre-deposition substrate/bondcoat Texturing Besides the classic surface

preparation methods such as grit blasting, non-traditional surface modification

approaches have been utilised. Given the thermomechanical stress distribution as

well as mechanical adhesion depends on the geometry of the substrate, the

bondcoat - topcoat interface can be modified in a beneficial way. The study of

Kromer et al. [165] evaluated the impact of laser texturing on a bondcoat-less

TBCs in oxidation and creep tests and found some improvement in coating

durability and coating adhesion, compared to grit-blasted samples. In their study

on thermo-mechanical fatigue of the same system, [164] cracks were found to

propagate above the bondcoat-topcoat interface, and the reported crack

bifurcation in the vicinity of holes was attributed to compressive stresses in the

vicinity of laser-patterned holes. Kromer also reports tripled adhesion strength for

laser-patterned surfaces [163]. Wang et al. [340] utilised a one-dimensional array of

grooves at the bondcoat surface prior to topcoat deposition. Wang reported an

increased mechanical interlocking strength of the topcoat-bondcoat layers, and

records different crack propagation paths for varied surface patterns, guiding the

cracks to the bondcoat - substrate interface at high values of roughness.

Controlled TGO growth (pre-oxidation) As spinels and nickel oxides are

known to reduce the thermal cycling life of the coatings, pre-oxidation treatment

is a beneficial technique to suppress their formation by growing a continuous TGO
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layer in a controlled environment. Chen et al. [44] in the study of APS-deposited

coating found that a pre-grown TGO layer in vacuum and low-pressure oxygen

atmosphere can suppress the formation of spinels, reduces the growth rate of the

TGO and show an increase in thermal cycling life of the coating. A more recent

study by Takahashi et al. [305] with air- and vacuum-grown TGO layers find that

vacuum-oxidised samples exhibit a higher level of surface roughness compared to

air-exposed samples.

Post-deposition modification

Grooving approach One of the approaches for durable thermally sprayed TBCs

- segmenting the coating into patterns. This can be done, for example, by creating

a grooved, or segmented, texture at the surface via laser ablation (Fig. 2.22) [155,

64], waterjet [111, 145], or conventional machining. This approach was probably

inspired by the columnar structure, achieved by the EB-PVD technique. The idea

of matter separation leads to a decreased effective elastic modulus leading to overall

stress relaxation within the coating, crack arrest at the artificially created gaps,

and surficial stress reduction, as proposed by Khan et al. [155]. This powerful

technique hasn’t found a particular research interest but found its application in

industry [111, 145, 302]. Furthermore, the mechanism responsible for TBC service

elongation was explained ambiguously, and perhaps can be further expanded. The

proposed groove design in the works of Khan had limited investigation, based on the

design of experiments and trial and error approach; to date, a fundamental study

on TBC grooving is still absent and can open new possibilities in designed coating

microstructures.
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Figure 2.22: Cross-sectional SEM morphology of laser-textured coatings. [64]

In general, strain tolerance improvement will reduce thermal expansion stresses as

well as thermal expansion mismatch stresses by:

(i) providing a pattern of gaps. Separated columns in the EB-PVD cross-section

provide the structure with space and new degrees of freedom, letting the structure

accumulate less stress.

(ii) Elastic modulus reduction. These two properties are actually two sides of the

same coin: separated columns in EB-PVD can be described as a layer with decreased

”effective” elastic modulus: in such a coating, the ratio between horizontal and

vertical elastic modulus can reach the values of 0.2 (for further understanding of the

values, Evertical of YSZ EB-PVD coating = 215 GPa at 25°C [197]).

Glazing approach One of the approaches involves surface remelting of the

coating, or laser-glazing, creating a dense layer with decreased roughness and a

network of cracks. There are many reports of the improved properties of a coating

with such a microstructure modification: X. Zhong et.al. [381] reported that a

laser-glazed layer enhances hot-corrosion behaviour of TBC in V2O5 environments,

Petitbon et.al. [242] reported that the plasma-sprayed ZrO2 coating had exhibited

a higher thermal shock resistance after laser-glazing in diesel engine conditions.

Wang and Tian [338] showed the enhanced microhardness of the remelted region

and improved erosion resistance. Tsai et.al. reports an increase in microhardness

from 550 HV for an as-sprayed APS coating to 1550 HV on a glazed layer [316].
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However, a deep microstructural analysis of the laser-remelted TBC and TBC

solidification phenomena found little attention from researchers, generally

reporting the existence of cracks, dense layers, and fine-grained structures.

Figure 2.23: Typical optical cross-sectional microstructure of TBCs: (a)
plasma-sprayed; (b) laser-glazed. [317]

In order to control the microstructure, it is necessary to understand the physical

phenomena of solidification, which has been investigated scrupulously for metals in

welding, directional solidification casting, etc.. Grain size, geometry, and orientation

can play an important role in the mechanical properties of the material, therefore it

is important to understand, control and predict the resultant grain structure of the

remelted layer.

Laser glazing as a physical process is similar to laser welding: a moving energy source

breaks the bonds in a crystalline lattice, creating a pool of molten material. The

molten material will eventually solidify due to the heat exchange with the matter

itself and the environment, which is the key parameter in obtaining the control of the

microstructure: solidification, conduction, and convection dictate the properties of
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the affected material, and both microstructural properties, such as grain geometry,

such as size and shape [348, 349] and macrostructural features, such as geometry

if the molten pool and the surface shape, appearance cracks [341] and generated

residual stresses [33].

However, grain growth has never been investigated in for TBC surface remelting,

neither the effect of grain size, which can vary significantly, depending on the heat

input, from microns to several tens of microns nor its shape and geometry.

2.3 Laser Beam Processing

Laser processing of solids is a direct, local, and material-selective process, which

has been employed for machining difficult-to-machine, hard and brittle materials.

With the aid of lasers, it is possible to remove material without mechanical damage,

with weakly expressed or absent thermal effects, while having no tool wear and

excellent dimensional accuracy. In the following chapters, laser beam processing is

used as the main tool for the modification of TBC structures: due to its non-contact

nature and indifference to material hardness, the laser presents a great tool for

machining difficult-to-cut ceramic materials, such as refractory oxide ZrO2. This

section contains an overview of laser-beam processing and its influence on the surface

integrity of machined parts. Due to a limited number of studies of laser machining

on TBC, the section aims to provide a general overview of laser beam processing

of materials, as well as its potential impact on the microstructure and properties of

laser-machined workpieces.

2.3.1 Pulse length and physical process of material removal

When laser interacts with a material, photon energy, in the case of metals, is

absorbed by free electrons in a thin superficial layer, typically about 10 nm, and

leads to melting, vaporisation, and ionisation of the absorbing media [361, 353].

Dielectric materials absorb the energy either directly if the photon energy is larger

than the band gap, or by means of non-linear absorption by the defects in the lattice
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[37]. Depending on the ratio between pulse width and characteristic lattice heating

time, the lattice will experience different levels of heat-related effects, exemplified in

Fig. 2.24, a-b. For most metals, lattice heating time is on the order of 1-100 ps and

1-2 orders of magnitude longer for dielectrics [23, 22], representing a border between

thermal and non-thermal removal mechanisms.

Figure 2.24: Long (a) and ultrashort (b) pulse laser ablation. Nanosecond and
longer pulses do not prevent heat propagation and thermal effects, leading to
heat-affected zone and collateral workpiece material damage [27]. (Typical removal
mechanisms via long pulse ablation [80]: (c) melting and vaporisation, (d) melt

displacement, caused by recoil pressure, and (e) melt ejection.

In long pulse ablation (nanosecond and above) and continuous wave cutting, heat

is absorbed by electrons and followed by fast energy transfer to the lattice by

collisions, diffusion, or electron-phonon coupling. This results in various thermal

effects. Laser irradiation first heats localized volumes to the melting point and

then to vaporization. During long pulses, absorbed energy propagates into the

workpiece by heat conduction. The presence of heat-affected zones, melted zones,
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recast layers and is typical for long pulse ablation and continuous wave cutting. The

depth of heat propagation into the workpiece is determined by the thermal diffusion

length lth = 2
√
DτL, where D is thermal diffusivity and τL is the pulse duration

[297]. Heat-affected zones depend not only on thermal diffusion lengths, but also

on the ability of such irradiation to ablate material, i.e. laser fluence, ablation

thresholds, heat accumulation effects, and pulse repetition rates. Regarding high

power density irradiation, melt pool formation is followed by material vaporization.

Sufficiently long and intensive pulses can be absorbed by vapour, often leading to

its ionisation. The vapour/plasma plume creates large recoil pressures and produces

a shock wave that propagates through the material. This often leads to collateral

damage and generates compressive residual stresses when pulse energy is sufficient.

Recoil pressure induces melt pool flow that extrudes melt from the irradiated area.

This forms pits on the crater sides and dictates recast layer shapes.

Ultrashort pulses (ps-fs), are the only way to achieve high-quality surfaces in

conductive materials by pulsed laser ablation. At femtosecond scales, photon

energy is absorbed by free electrons and is primarily exchanged among them.

Electron-lattice interaction is governed by relatively slow electron-phonon

interactions [297]. Therefore, heat transfer becomes non-equilibrium with high

electron temperatures and the cold lattice, described by the two-temperature

model [11]. Non-equilibrium temperature distribution leads to significant surface

evaporation, preventing heat propagation into the workpiece. Therefore, the

process progresses directly from solid to vapour/plasma, allowing precise material

processing in the absence of molten material, recast layers, and heat-affected zone.

2.3.2 Material removal mechanisms in laser ablation

The main removal mechanisms for long and short pulse ablations are [297]:

� Melt expulsion, or liquid displacement to the crater sides resulting from recoil

pressure (Fig. 2.24d). This is the typical removal mechanism in continuous

wave to nanosecond long pulse ablation. [297, 80].
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� Spallation, or material disintegration due to high tensile stresses associated

with rapid expansion. Can occur in all thermal ablation regimes. However,

its relative contribution to material removal is higher in nanosecond pulse

ablation [179].

� Explosive boiling, sometimes referred to “phase explosion” or “melt ejection”,

is the disintegration of overheated liquid, leading to subsurface nucleation of

vapour bubbles and ejection of the liquid material from the melt pool. This is

the typical removal mechanism in short ablation, i.e. nanosecond to picosecond

(Fig. 2.24, e) [194].

� Fragmentation, or dissociation of the surface of supercritical liquid into fine

droplets due to rapid thermal expansion. Fragmentation suppresses the phase

explosion mechanism and tends to dominate removal mechanisms with shorter,

pico- and femtosecond laser pulses [194]

� Direct vaporisation, often with the absence of thermal effects. Becomes the

distinguishable mechanism in ultrashort femtosecond pulse ablation (Fig. 2.24,

b) [297, 80].

Fishburn et al.[80] studied nanosecond ablation with a molecular dynamics

simulation and found material removal at low fluencies is solely caused by melt

displacement. With increased laser fluence, the melt displacement is accompanied

by vaporisation, and after a critical laser fluence, explosive boiling dominates the

removal mechanism. Nevertheless, the characteristic removal mechanism is a

complex interplay between material properties (absorption, characteristic lattice

heating time and thermal properties), and incident beam conditions (pulse

duration, fluence, and wavelength). The contribution of each is a field for rich and

often controversial scientific discussion [179], [239, 240, 211, 380, 380].
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2.3.3 Typical defects in continuous wave, long, and short

pulse ablation

Surface integrity of laser machined material, summarised in Fig. 2.25, is dependent

on the dominating material removal mechanism and heat transfer within the material

which, in its turn, depends on the laser irradiation parameters, and especially on

the duration of the pulse (including continuous lasers). Melt expulsion results in

the recast layer on the sides of the workpiece surface and newly generated surface,

generating an elevation on the sides of the hole in case of laser drilling (Fig. 2.25,

a, d, e, i). Explosive boiling (Fig. 2.25, f) and fragmentation (Fig. 2.25, g) eject

liquid droplets, which can then solidify and form spatter on the sides of machined

feature and be ejected from the melt pool in case of explosive boiling, or its surface

in case of fragmentation. Vaporization is responsible for material recondensation

[237] and generation of recoil pressure that can induce mechanical damage. Reactive

molten metal covers with an oxide layer upon solidification [284], especially when the

material includes more reactive ingredients, such as chromium, nickel and niobium

in Inconel 718 (Fig. 2.25, b). Solidification of the generated melt pool, recast

layer or debris generates high stresses due to thermal shrinkage, often resulting in

the formation of microcracks (Fig. 2.25, d) [49]. Propagated heat can result in

heat-affected zone (Fig. 2.25, c, h) and phase transformation [262] , which is, in

general, unfavourable result of laser machining.

Recast layer and spattering

Microstructure of the ejected material, forming recast layer and spatter, is

typically columnar and perpendicular to the surface due to high solidification

rates, however different grain morphologies are also found within recast layers

[90, 91, 358]. Mechanical properties of recast layers and spatter can be different

from the bulk material, being brittle in nature due to oxidation, micro cracked and

having hardness different from the base material. Various attempts have been

made to reduce recast layers. Low et al. [195] investigated the influence of

assistant gas on spatter generated during laser percussion drilling. The authors
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Figure 2.25: Surface imperfections in percussion drilling. (a)-(c) recast layer,
oxidation and HAZ of nickel superalloy (Nimonic 263) [284] ; (d) cracking of the
recast layer [49] ; (e), (f) recast layer and surface debris on Al-Si alloy after 5(e)
and 100 (f) pulses [181]; (g) solidified microdroplets and vapour on the sides of the
hole due to fragmentation and recondensation [350] ; (h) and (i) HAZ and recast

layer after 5 and 50 nanosecond pulses on titanium surface [112]

found that spatter depends on the reactiveness of the assisting gas. Spatter

bonding in N2 and Ar atmospheres is higher than in O2, and therefore material

removal is more difficult. Ejected spatter is thinner when oxygen assisted the

drilling, shown in Fig. 2.26, a-b, and had lower bonding strength, compared to Ar

assistance. Zhao and Yu [376] revealed recast layer self-cleaning during picosecond

percussion drilling when the energy of the tail of the Gaussian laser beam was

sufficient to remove generated melt from the hole sides.

One technique utilized for heat, and therefore recast layer, management during

ablation is wet ablation. Nisar et al. [8] investigated dry and wet environments

(deionised water and propanol), finding that recast layers are absent in wet

environments. Due to active cooling being more pronounced in wet environments,
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higher thermal gradients develop in water and propanol, leading to fine subsurface

microstructures or their complete absence. Kudryashov and co-workers studied

pressures developed in underwater ablation, where recoil pressure was 5-times

higher, due to dynamic water confinement [167]. High recoil pressure collapse

explains high removal rates and spatter-free surfaces in wet ablation. Kang et al.

compared removal rates in air and water, finding that ablation performance

increased by 700% in water [147]. Kang attributed this increase to thermal

desorption of the target (induced by thermal stresses), resulting in material

fracture and crack formation, and spallation dominated the process.

Figure 2.26: SEMmicrographs showing the typical spatter formation (plan view)
of holes drilled with (a) oxygen assist gas and (b) argon assist gas[195]

The microstructures of recast layers vary significantly from one case to another.

While laser cutting can develop cooling rates of 103 K/s, thin recast layers can

develop at cooling rates as high as 1011 K/s [57]. This wide range of cooling rates,

possible during laser drilling, are responsible for the varied grain morphologies.

Variation in cooling rates depends on material properties, ablation regime, and most

importantly pulse duration, pulse energy and repetition rate. Rapid solidification

often leads to fine columnar grains (see Fig. 2.27, b and c) [339]. Shorter pulses

increase solidification rates leading to fine columnar cellular, columnar dendritic and

equiaxed recast microstructures Fig. 2.27, a, b, d) [90]. Compositional changes can

be also found in recast layers. Garofano et al. revealed the formation of nanoscale

Ti-rich carbide precipitates between dendrite arms in Ni-based superalloys[91], which

was attributed as a strengthening obstacle. Compared to the base material, the

recast layer was softer due to the domination of microstructural influence on the

properties.
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Figure 2.27: Different grain morphologies found in the recast layer of
laser-drilled Ni-superalloy. (a), cellular morphology of the recast [91]; (b) dendritic

microstructure [90]; (c) and (d) fine columnar and equiaxed grains [358]

Microcracking

At high cooling rates, high tensile stresses can be generated in the material. The

yielding of these stresses to the tensile strength of a given material causes solidified

layer cracking. This often combines with the formation of brittle oxide layers,

influencing the development of cracks, as shown in Fig. 2.28. Microcracks are

developed in the oxidized layer and propagate further into the recast layer or parent

material [9, 365].
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Figure 2.28: Surface integrity defects formed during laser drilling of Ni
superalloys. (a) Cracks in the recast layer [9]; (b) transverse cracks in the oxide

layer[136]; (c) longitudinal cracks in the oxide layer[136]

Thermal management, for instance with assisting gases, can influence the cracking

behaviour of the oxide and recast layer. Transverse microcracks, perpendicular to

the processed surface, are formed due to in-plane thermal gradients upon

solidification. These cracks accumulate Griffith energy during propagation and are

easier to propagate within recast layers and parent materials, and can cause

component failures as indicated by Morar et al.[136]. Authors studied crack

formation in laser trepanning drilling of Nickel-based superalloy. The authors

acknowledged that pulse energy and pulse duration are the main parameters

dictating microcrack formation and recast layer. Their findings revealed the

formation of both transverse and longitudinal cracks (shown in Fig. 2.28).
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Transverse cracks, caused by in-plane thermal gradients during machining, were

considered an essential defect since can penetrate through the recast layer into the

workpiece. However, it is important to acknowledge the importance of longitudinal

cracks, caused by out-of-plane thermal gradients; these cracks propagate parallel to

the surface, and potentially cause delamination of oxide and/or recast layer.

Hardness

Recast layer hardness is usually different from the base material. Recast layer

hardness can be higher than the base material, for example, Inconel 718 alloy

cut with a continuous-wave CO2 laser, which results in carbide and carbonitrides

formation on the surface after laser cutting operations, and high cooling rates during

solidification of the recast[122]. Surprisingly, recast layer hardness can be also lower

than that of the base material, as it was found in the work of Ahmed et al. on

microsecond laser drilling of the same alloy [3]. Authors attributed this to the low

density of γ′ and γ′′ precipitates at the surface and grain sliding. A possible reason

for such a divergence in findings can be ascribed to the difference in the formation

of the recast: continuous wave melting creates a continuous, dense surficial layer,

while pulsed lasers eject material in series. This can lead to higher porosity of the

recast and loss of the lamellar layers, eventually decreasing hardness. Overall, the

relative change in surface hardness is a complex interplay among various phenomena,

including recast microstructures, ambient environments during laser processing and

laser output characteristics, and material parameters.

Residual Stresses

Several mechanisms can lead to residual stresses upon laser machining.

Solidification, accompanied by material cooling and shrinkage, promote tensile

stresses in surface and sub-surface layers. The formation of expanding vapour and

plasma induces shock waves, which can lead to plastic deformation of the material

if pulse energies are sufficient for such deformation[196]. Thermal gradients and

material plasticity, metallurgical transformations, and chemical reactions can also

be responsible for residual stress generation in subsurface areas. Yilbas et al.
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studied laser trepan drilling with a high-power CO2 laser [364, 363, 12], developing

several numerical models combining heat transfer with a viscoplastic model,

validating stress fields with XRD measurements. Tensile stresses of 330 MPa were

measured at the vicinity of the cut surface in Ti–6Al–4V, more than a third of the

material yield strength. Melting and subsequent cooling of the material created

striations, shown in Fig. 2.29, which were bent at the surface due to gas flow. This

was attributed to the presence of assisting gas, leading to melting accumulation

and solidification in a periodic manner, and should not be confused with

mechanically induced strain. This also helped recast layer removal, which was

estimated as 5µm. Considering XRD penetration depth is ca. 10-20 µm from the

free surface, developed residual stresses propagate deeper than the recast layer,

supported by numerical results. Maeda et al.[199] also found tensile residual

stresses (150MPa and higher) after laser cutting, resulting from material cooling.

Figure 2.29: (a) Kerf surface micrograph of laser trepan drilled Ti–6Al–4V with
a CO2 laser[363]; (b) distribution of in-plane residual stresses [199]

The work of Cha et al.[38] investigated residual stresses formed upon laser ablation

of compressor blades with a nanosecond pulsed laser. On contrary, residual stresses

were not different from the bulk material, evaluated through a local misorientation

map. This could signify the absence of residual stresses, or rather the small

penetration depth, undetectable with the selected method. Plasma-induced

pressure waves can lead to plastic deformation and generate residual stresses. This

phenomenon becomes noticeable only when the pulse energy is sufficient for rapid

ionisation, typically in the Joule range in a nanosecond scale pulses [196]. These
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pulses are used to generate favourable compressive residual stresses on workpiece

surfaces, which can be enhanced by adding a transparent confining layer like water

or glass. Laser shock peening is the subject of widespread investigation. Typically

used pulse energies (mJ range) for laser microfabrication do not induce surface

damage. This is why little attention was paid to the investigation of residual

stresses in laser machined workpieces. Nevertheless, the generation of compressive

residual stresses in-situ during laser machining is an attractive field for research

and industrial application.

2.3.4 Ultrashort pulse laser ablation for material removal

Compared to continuous wave irradiation and long pulse ablation, the physical

process changes significantly in the case of ultrashort femtosecond laser ablation.

Ultrashort pulses have negligible thermal diffusion and direct vaporisation is often

the prevailing material removal mechanism [240], [193]. However, fragmentation and

explosive boiling are also reported [194],[4, 245]. Rapidly removed material has a thin

heat-affected zone, causing less material damage. Ablation of steel with different

pulse durations, shown in Fig. 2.30, indicates a transition between pronounced

thermal ablation regimes (nano- and picosecond ablation), and clean, defect-free

ablation using ultrashort femtosecond laser ablation, due to evaporation, negligible

heat conduction, and absence of liquid phase [245]. However, in many cases, heat

accumulation in the workpiece exists and affects resultant surface integrity [350],

shown in figure 2.25,g and figure 2.31, a.

Figure 2.30: Micrographs of the laser-drilled holes on steel with long, short and
ultrashort pulses. The pulse widths are (a) 3.3 ns, (b) 80 ps, and (c) 200 fs [245]
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The choice of appropriate pulse duration is often a trade-off between process

efficiency, an acceptable level of damage, and equipment cost. Although

femtosecond ablation is an attractive technique for clean, defect-free machining,

wide application of femtosecond lasers is limited due to the complexity of

equipment able to produce ultrashort pulses with pulse energy sufficient for

ablation[191]. While the ablation threshold fluence is independent of pulse

duration in the sub-picosecond regime [101], the laser intensity is still inversely

proportional to pulse duration. This is the limiting factor for machining with

shorter pulses in mode-locked lasers. This limitation has been overcome via

chirped pulse amplification (CPA), where the initial seeding pulse was first

stretched by delaying different wavelengths in time, amplified at safe power

densities, and then compressed back. The idea was proposed in 1985 [300],

receiving the 2018 Nobel Prize in Physics, which is still the current state-of-the-art

technique for a short pulse, high power density lasers already available for

machining. Even in femtosecond regimes, melt pool formation due to heat

incubation is possible in low melting point materials, which can result in recast

layer cracking, shown in Fig. 2.31. Some studies on mode-locked femtosecond

lasers without further chirped amplification utilize sub-threshold fluence for

machining; in this case, ablation relies on incubation effect, i.e. when ablation

threshold drops for multi-shot ablation [34] (especially pronounced with high

repetition rates[206]). Heat accumulation enables material removal with lower

fluences, but leads to noticeable melt pools [65], effectively changing the regime to

thermal ablation. Interestingly, ultra-high repetition rate lasers can have

behaviour different from typical ablation: recently, Kerse and co-workers [152] used

ultra-high repetition rate ablation to exploit ablation cooling phenomena. In order

to increase ablation efficiency and reduce material damage, the authors used

ultrafast laser bursts (GHz pulse repetition rate). When the first pulse comes, it

heats up the laser spot vicinity and reduces the ablation threshold and the energy

necessary for ablation by the succeeding pulse. The work showed that by selecting

a suitable pulse frequency, it is possible to utilise the thermal energy of previous

pulses, therefore suppressing heat propagation into the bulk.
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Figure 2.31: Percussion-drilled hole in Al-Mg alloy in the air with a femtosecond
laser, revealing melt formation and hot cracking[66]

At present, femtosecond lasers are applied to machining, attracting interest in

research and production. Due to non-thermal ablation with rapid material

evaporation and the absence of workpiece thermal damage, it is used for defect-free

microfabrication and is becoming a widespread industrial technique.

2.4 Fundamentals of solidification

2.4.1 Heat and fluid transport modelling

For all energy beam-based manufacturing techniques, heat movement in and around

the melt pool has an unavoidable impact on melt pool dimensions, porosity and

keyhole defects, surface roughness, and microstructure. As a result, during the last

few decades, a lot of effort has gone into simulating this process. The Rosenthal

solution for a moving point heat source across a material surface, omitting fluid

movement, the latent heat of melting, and heat transmission from the top of the

melt pool, is one of the simplest yet most practical approximations of these processes

[275]. This solution in 2D and 3D has been used to calculate temperature gradients

(G) and solidification rates (R) in different areas of the melt pool to relate process

conditions to microstructure development [30, 31]. More precise solutions of heat

transport can be obtained through finite difference or, more commonly, the finite

element method, in which the domain is represented by a large number of simple

geometrical shapes, in which the heat transfer equation is solved. The equation
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describing heat diffusion within the workpiece can be represented as:

ρCp
∂T

∂t
= ∇ · (kth∇T ) +Q, (2.2)

where ρ is the material density, Cp is the heat capacity at constant pressure, T is

the temperature, kth are the thermal conductivity and the heat sink and heat source

term (e.g. from incoming laser radiation) is Q. The latent heat of phase change

between solid and liquid can also be included in the term Q. However, not all models

account for latent heat; some simply treat regions above and below the melting

temperature with phase-dependent densities or conductivities [267], but because

alloy solidification occurs over a wide temperature range, other models incorporate

this or a similar term in some way [258, 378]. The apparent heat capacity method

allows to include the enthalpy of phase change in the specific heat directly by directly

substituting apparent heat capacity, defined as CA
p = dH/T , into the equation in

terms of material enthalpy [332]. Together with the influence of the fluid flow, the

generalised energy conservation law is [156, 217]:

ρCA
p

∂T

∂t
+ ρCA

p u∇T = ∇ · (kth∇T ) +Q, (2.3)

where u is the fluid velocity, which can be obtained by solving together Navier-Stokes

and continuity equations:

kth
∂u

∂t
+ ρ(u · ∇)u = ∇ · (−pI + µ∇u) + F, (2.4)

ρ∇ · u = 0, (2.5)
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where p is the pressure, µ∇u represents the viscous stresses, and F are the external

forces. In laser welding, two forces are usually modelled, accounting for buoyancy

and thermocapillary convection. Although the liquid is assumed incompressible and

therefore the density deviations ρ from reference fluid density ρ0 are negligible, small

variations are still enough to induce motion within the melt pool. A common way

to apply buoyancy forces is by using the Boussinesq approximation:

Fbuoyancy = ρ0(1 − α(T − Tref ))g⃗, (2.6)

where g⃗ is the gravitational acceleration, −Tref is the reference temperature, ρ0 is

the reference density of the fluid, and α is the thermal expansion coefficient.

Thermocapillary forces arise from the dependency of surface tension on surface

temperature. Due to highly concentrated energy at the surface of the molten pool

in laser melting application, high-temperature gradients occur at the top surface

of the liquid. Typically, surface tension γ of the liquid decreases with increasing

temperature, i.e. ∂γ
∂T

. Eventually, high-temperature gradients at the surface of the

melt pool induce surface tension to generate shear stresses at the surface of the

liquid, directed from the hottest point to the sides of the pool, where the liquid is

cooler. This generates internal flow within the melt pool which, if this is of sufficient

intensity, can become a dominating heat transfer mechanism. This process is also

known as Marangoni convection or thermocapillary convection [162]:

FMarangoni =
∂γ

∂T

∂T

∂x
, (2.7)

where ∂γ
∂T

is the thermocapillary coefficient, γ is the surface tension.
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2.4.2 Modelling of laser melting for microstructure

prediction

The microstructure of the material, i.e. grain size and orientation, after laser

processing can change significantly and result in the enhancement of

mechanical[120], electric[5], magnetic[303] properties of the material. An example

of laser processing techniques, laser melting, can vary grain morphology that

allows tailoring specific application properties: fine equiaxed morphology to

increase fatigue performance[283] and compromise creep lifetime[285], and

columnar grains to exhibit longer times and higher creep strains[285]. Besides, the

geometry of grain boundaries was found to influence crack propagation and fatigue

properties in some research works[369]. Understanding of the microstructure,

hence the properties, can allow tailoring the properties of the material in a way

beneficial for a given application.

To understand the grain formation mechanism in laser-melted materials, at least

two factors affecting the resultant microstructure, i.e. base material crystal size

and orientation heat input conditions [61, 60], have to be considered. In the past,

solidification found a lot of attention in welding application[82, 306], and the

models were adapted to the additive manufacturing field, e.g. selective laser

melting (SLM[6], electron-beam melting[357], direct energy deposition

(DED)[189]). The vast field of possible heat input parameters is narrowed by the

specific process used: higher energy density inputs are more typical in welding and

DED, resulting in low solidification rates and eventually curved grain

geometry[347, 161], while high solidification rates are typical for powder bed fusion

processes and high-speed welding, resulting in vertical columnar grains[115, 248].

Phase Field Method

The front-tracking of a sharp interface was the standard simulation approach for

solving free boundary issues. [274, 277, 10, 133]. However, due to the difficulties in

tracing a sharp border of a complicated shape and detecting minor anisotropies,

quantitative data were difficult to acquire. Despite these challenges, the
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Müller-Krumbhaar group, for example, revealed conclusive quantitative

assessments of the dendritic tip’s functioning state [277, 133]. To limit the impact

of computational artefacts, the authors utilised a front-tracking approach with

rotating grids.

The phase-field (PF) technique, which was introduced in 1987 by Kobayashi for

crystal growth in undercooled pure melt [254], made a substantial contribution

to the modelling of phase boundary motion, morphology, and scale. This strong

technique ultimately allowed the whole dendrite growth problem to be tackled after

a decade of development: tip growth, secondary branching, microsegregation, and

non-equilibrium effects. This is why it has become the favoured method for dealing

with problems requiring phase transitions, an example of PF model capabilities is

presented in Fig. 2.32.

The primary concept behind the PF model is to describe the phases using a

non-conserved constant order parameter that fluctuates smoothly over the diffuse

surface. This parameter evolves according to a governing equation that ensures the

system’s free energy decreases with time and is coupled to the diffusion field near

the interface. Caginalp [35] and Langer [176] gave this notion a stronger

quantitative foundation in the mid-1980s, demonstrating that the PF model

converges to the free-boundary issue in the limit of diminishing interface width.

While the Phase-field method is the most accurate representation in terms of

physical formulation incorporating the fine perturbations of the solid-liquid

interface, phase-field is the most computationally intensive of all the approaches,

typically limiting its application to small scales.

Stochastic Method

An alternative method for microstructural modelling based on stochastic models of

grain boundary evolution. The steps in the computational technique are as follows:

the domain is partitioned into a regular network of cells; variables and states are

assigned to the cells; each cell has a neighbourhood, and transition rules governing

the evolution of the cell’s various states and variables are established [81]. Besides,
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Figure 2.32: 3D phase-field computation of polycrystalline equiaxed
solidification of Ni-based superalloy [360].

it is possible to mimic phenomena such as crystal transport in the melt and crystal

remelting.

Kinetic Monte Carlo grain growth simulations [269] replicate abnormal grain

morphology with variable microstructural characteristics, such as grain shapes and

sizes, and interfaces. However, the simulation can only forecast qualitative aspects

at this time, and there is still a lot of work to be done to figure out the physics of

granular solidification nucleation and growth, as well as how to appropriately

represent that physics inside simulation frameworks [81].

Figure 2.33: Microstructures of Laser Engineered Net Shaping additively
produced stainless steel 304L. (a) EBSD measurement, (b) kinetic Monte Carlo

simulations, and (c) conformal finite element mesh [81]
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Cellular Automata Method

Cellular Automata (CA), arguably the most popular approach, have been designed

for dendritic grain structures and can handle arbitrary forms and grain competition

[260, 85]. The solidification domain is mapped with a regular arrangement of cells

in this approach, and each grain is defined by a collection of cells, with those at the

boundary being active for the growth process computation.The solution is based

on calculating the length of an expanding octahedron, assigned to the cells at the

solid-liquid interface. The octahedron approximates a growing dendritic crystal with

6 main growing axes, recognised for FCC and BCC materials. Currently, the most

popular tool for predicting dendritic growth in CA models was established by Gandin

and Rappaz [84], i.e., an algorithm allowing for reducing the influence of the mesh

on grain propagation. These CA calculations, which included homogeneous and

heterogeneous nucleation of new grains in the undercooled liquid, were connected

to a FE approach for heat transfer and included homogeneous and heterogeneous

nucleation of new grains. A decentered octahedron method was used to apply the

Cellular Automata - Finite Element (CAFE) hybrid model to 3D grain formation

for anisotropy-free generation of 3D grains with six-fold symmetry.

Thermal Gradient Method

A different approach was developed by Wei et.al. to predict the solidification

microstructure of a solidified weld in pure aluminium on mesoscale [347, 346]. Based

on the assumption that the direction of crystal growth is collinear with the local

heat flow, the shape of the crystals was predicted with the aid of heat transfer and

fluid flow model. Such an efficient approach, however, is valid only for the case

of planar growth since the growth speed was defined by the laser. At the same

time, growth in undercooled melts may not only be limited by the velocity of the

melt pool. Growth velocity can be much higher than the melt pool velocity when

the solid-liquid interface perturbations develop into dendritic solidification[314, 13].

A similar approach was used in several works of Han et al. [115, 118, 116], and

in one of them, the difference in solidification behaviour in pure Al and binary

Al-Cu alloy was emphasised [117]]. Dendritic growth of a binary alloy was found
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even at low welding speeds of 2mm/s due to solute segregation. At the same time,

both growth mechanisms usually coexist simultaneously [162]. Different growth

mechanisms in planar and dendritic growth dictate different solidification velocities

and characteristic crystal shapes have an influence on crystal growth, and therefore

the shape of the crystals and their orientation. In an effort to capture these

phenomena and demonstrate the influence of specific growth conditions, a predictive

model for combined planar-dendritic growth is proposed in this work.

2.5 Summary of the literature

An encompassing literature review on the topic of thermal barrier coating systems

and laser beam processing has been presented.

The research community has put forth significant effort towards understanding the

mechanisms governing thermal barrier coating durability and accumulating the

knowledge allowing for novel, durable thermal barrier coating systems. An

interplay of different physical phenomena happening at elevated temperatures in

the coating system is challenging to account for simultaneously. Besides oxidation,

one of the primary reasons for coating spallation, mechanical and chemical

interactions with the environment have also been addressed in various research

works. Current knowledge of the degradation mechanisms, and current methods to

address these issues by modifying the composition/microstructure of the coating,

have been addressed in this chapter.

The main manufacturing tools used in this work are laser-beam based. Lasers

present an incredibly versatile tool allowing one to perform a wide range of

operations, such as cutting, drilling, and surface conditioning. Depending on the

temporal-energetic parameters of the laser it is possible to control the

laser-material interaction behaviour. In the simplest case, the transition from

material removal through ablation to laser melting is when the laser energy is

decreased. Literature provides a range of typical defects in laser micromachining as
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well as current methods on microstructure modelling upon solidification, which

will be directly linked to the following work.

2.5.1 Research challenges emerging from the literature

review

To expand the current fundamental knowledge of thermal barrier coating systems

and understand the interaction of laser irradiation with the latter, various research

challenges must be addressed based on the current gaps in the literature. The

research objectives and challenges are summarised in this section.

Research Challenge 1 - Modification of thermal barrier coating

microstructure for increased coating performance

While thermal barrier coating systems have been continuously evolving in the past

decades, there have been limited attempts to modify the internal microstructure of

the coating system. A few studies on the coating texturing by Dhineshkumar and

Khan [154, 64] shown a promising potential arising from stress relaxation on the

surface. Laser glazing, a popular approach for thermal barrier coating modification,

has been used for creating a dense surface for mechanical protection, and a network of

vertical cracks for stress relaxation. While some works show significant enhancement

in thermal barrier coating performance in terms of cyclic oxidation [79], others

show the same [366] or even worse [371] performance. To date, there have been

no reports on modification of thermal barrier coatings that could simultaneously

increase thermomechanical compliance and its resistance to mechanical impact and

interactions with silicates.

•Objective 1.1. Investigate possible scenarios of laser grooving of the TBC system

within the limitations of the laser grooving methods.

• Objective 1.2. Understand melting mechanisms of TBCs upon laser irradiation.

Find relevant physical parameters governing the geometrical and microstructural

parameters of the coating upon laser glazing procedure.
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• Objective 1.3. Optimise the combination of grooving and glazing procedures.

Propose possible scenarios of the modification technique for varying conditions.

In an effort to combine the benefits of laser glazing and laser grooving, a novel

modification approach is proposed in this work. While laser glazing provides a

protective surficial layer, resistant to erosion and CMAS, the underlying structure

of TBC can be tailored in a way to provide higher strain tolerance. Moreover,

tuning the microstructure of the coating allows not only improves strain tolerance

but also reduces the thermal conductivity of the coating. This novel approach for

TBC modification will be presented in the relevant chapter.

Research Challenge 2 - Performance assessment and microstructure

characterisation of laser modified thermal barrier coatings

Arising from the Research Challenge 1, the failure phenomena in TBCs was

subjected to further studies. In order to understand the influence of the proposed

modification technique on the durability, the coatings after modification will be

tested in simulated in-engine environment.

• Objective 2.1 Identify main failure mechanisms of thermal barrier coatings.

Characterise the altered performance in as-sprayed and modified conditions in a

comparative study.

• Objective 2.2. Recognise the difference in the governing failure mechanisms of

the coating in each of the tests to better understand the influence of the compound

microstructure.

• Objective 2.3. Provide in-depth analysis of the microstructure and crystal

structure upon modification as well as after the simulated tests.

As with any technological novelty, its new properties and differences should be

assessed to allow finding the best application thereof. Performance of the coatings

will be assessed in thermal, mechanical, and chemical tests. Understanding of the

changes in the crystal structure can be done using lattice diffraction techniques and

reveal the stress response of the coatings on the environmental conditions.
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Research Challenge 3 - Investigation of grain growth phenomena in

laser-melted topcoats through modelling

During the work on objective 1.2, unusual behaviour of grain solidification was

found. While the importance of grain microstructure is well-recognised in metals,

limited attention was paid to grain formation in ceramic materials, and in particular

in thermal barrier coatings.

While the current modelling methods do not allow the prediction of such

behaviour, which will be discussed in detail in the corresponding chapter.

Therefore, the aim of this chapter is to create a new method allowing for

predicting particular behaviour found in laser-melted ceramics. Limited attention

has been paid to this phenomenon, and to date, Fan et al. [76] were the only ones

who analysed the thermal characteristic of the melt pool for laser melted TBC

with different preheating conditions and crack suppressing by grain boundaries. In

their study, close attention was paid to crack formation, however, grain growth and

grain boundary formation mechanisms have not been explained. In this work, a

preliminary selection of laser glazing capabilities revealed unusual grain growth

behaviour in the subsurface layer: surficial grain curving, or bending, towards the

heat source travel direction, and surface sealing, where the growth of the grains at

the surface dominated growth at subsurface layer, leading to in-plane columnar

growth of the grains. Besides, in this work, the existence of dendritic structures

upon solidification was found and was assumed to strongly influence the

solidification behaviour.

• Objective 3.1. Explain the grain growth behaviour based on state-of-the-art

theories and models.

• Objective 3.2. Understand unusual behaviour found in the solidification of the

TBC topcoat, and propose a comprehensive grain growth model. This will not only

allow understanding the growth mechanics in topcoat solidification but can also be

used as a predictive tool.
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• Objective 3.3. With the aid of the model, elucidate the crystal formation found

in Objective 1.2 and Objective 1.3.

• Objective 3.4. Validate the proposed model for grain growth by direct

comparison of geometrical parameters, such as glazing width and depth, and by

crystallographical analysis.

To date, CA dendritic growth models cannot capture the difference in planar and

dendritic solidification, and a method to address these issues was proposed. While

the standard decentred octahedron algorithm represents an option for modelling a

dendritic interface, there are no reports of a complementary planar interface

modelling using the cellular automata approach. The grain growth mode can

significantly influence the final microstructure of the remelted layer. To explain

these particularities in the solidification of laser-melted zirconia, a new

computational method will be developed, considering the development of the

dendritic interface, and the representative resolving the case of planar growth in

three dimensions.

Research Challenge 4 - Development of topcoat deposition technique in

atmospheric pressure via a laser source

In the studies towards objective O1.2, a close look was taken on the sides of the

melted track, where the material was re-deposited from vapour and liquid state.

Further, this unique feature was used for substrate-to-substrate coating deposition,

where a number of possible coating microstructures were found. The aim of this

chapter is to propose a novel deposition technique able to deposit coatings in

atmospheric pressure based on these findings. Although the research on coating

deposition methods is vast, and only a portion of deposition methods has been

presented in the literature review. Depending on the manufacturing method, the

coating microstructure can vary significantly, eventually resulting in varied coating

performance. To date, the state-of-the-art method of coating production for

dynamic components is vacuum-based (i.e. EB-PVD), and thermal spray for static

components (i.e. APS). The major drawback of EB-PVD production is the high



Chapter 2. Literature Review 76

vacuum required for coating deposition. While the columnar coating can be

produced from vapour deposition, the possibility of vapour deposition in an

atmospheric pressure environment is yet to be found. On the other hand,

Solution/Suspension Precursor Plasma Spray (SPPS) method shows the ability to

produce columnar-like topcoats with superior properties to APS coatings and

attracted a lot of research attention. Besides, the SPPS method works in

atmospheric pressure, and other methods can be used to achieve the same purpose.

• Objective 4.1. Investigate the substrate-to-substrate coating formation, i.e.

deposition of the coating material on itself, generated by laser melting. Explore

possible scenarios of substrate-to-substrate deposition.

•Objective 4.2. Understand the laser heating parameters governing melt creation,

melt expulsion, explosive boiling, and vaporisation in heated ZrO2 target material.

• Objective 4.3. Expand the substrate-to-substrate coating deposition towards

a target-to-substrate coating deposition. Investigate possible scenarios of coating

deposition from the vapour phase and liquid phase.

• Objective 4.3. Analyse the generated microstructure and compare it to coatings

deposited by other techniques.

A solution based on the laser, as opposed to SPPS or APS technique, can be

miniaturised relatively easily, and allow for component re-coating in-situ. In the

initial trials on laser glazing, the vapour plume present during the process was found

to redeposit on the substrate itself. In an effort to utilise this as a coating deposition

system, the fundamental understanding of laser-material interaction, vaporisation,

condensation and adhesion, is crucial. To investigate the possibilities of atmospheric

laser deposition and its influence on structure formation, a deposition setup must

be established. To explore a wide range of parameters and achieve repeatable

experiments, the experimental setup must attain sufficient accuracy over a wide

range of processing conditions.
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Chapter 3

Methodology

This chapter describes the equipment methods used throughout the present work.

A detailed description of laser equipment and supplementary instruments for laser

characterisation, material analysis equipment and the techniques used to evaluate

the material response to laser irradiation, as well as to assess the performance of

thermal barrier coatings, is presented. Due to the time limitations of the PhD,

the evaluation of TBC properties does not include the analysis of coating adhesion

and coating hardness, which however can be addressed in the future studies. The

organisation of methods used is shown as a diagram in Fig. 3.1.

Figure 3.1: Organisation of methodology section
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3.1 Description of laser equipment

In order to explain the significance of the difference in pulse duration, it is important

to understand the characteristic timescales of the physical processes, shown in

Fig. 3.2. Thermal processes are relatively time-consuming, especially in ceramic

materials, and for pulse duration longer than the time of thermal diffusion, the

ablation process is called thermal ablation. In contrast, if the laser pulse width is

shorter, the lattice does not have enough time to respond, i.e. to deliver the energy

deeper than the laser-affected area, and evaporates the material with negligible or

absent molten phase. In contrast, long-pulse or continuous laser irradiation can be

used for material heating with suppressed ablation or evaporation.

d

Figure 3.2: characteristic timescale of different processes. [311]

Thus, by controlling the duration of the laser pulse, laser fluence and laser optical

power density (laser intensity), it is possible to achieve different material responses

to the laser irradiation, and use it for creating high-quality micromachined features

in ultrashort pulse regime, to generate steady or quasi-steady melt pool for surface

conditioning in case of short-long pulse and continuous irradiation, and theoretically

generate a clean, droplet-free, vapour plume.
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3.1.1 Laser sources

Continuous wave laser

A laser with a nominally constant output over a set interval is called a continuous

wave (CW) laser. During this period, the key parameters of laser irradiation, such

as optical power and intensity, remain constant. Continuous-wave lasers can be

found in a variety of applications ranging from laser cutting to surface

conditioning. Moreover, due to the stable optical output, continuous wave

irradiation is easier to predict and model, compared to pulsed irradiation. In this

study, a Yb-doped, diode-pumped SPI-100C-0013 fibre laser (SPI lasers UK) was

used. Some parameters of the CW laser are listed in the table 3.1.

Parameter Specification

Wavelength, nm 1090 ± 5.0
Nominal pulse repetition Frequency , kHz CW to 102 (modulated)
Average output power, W up to 100
Mode TEM00

M2 < 1.2
Beam divergence, mrad < 2.8

Table 3.1: CW laser parameters. [320]

In this study, the laser was used both in continuous and modulated mode. In the

modulated regime, the maximum optical power would vary with the duty cycle of the

signal, i.e. the percentage of time the laser is on to the frequency of the laser. The

input signal relies on transistor-transistor logic (TTL), i.e. the pulse signal can be

supplied by square waves with the associated high (+2.7...5V) and low (0V...0.8V)

level signals [320]. This will result in a modulated output of the laser, while the

instantaneous power of the beam, or peak power, cannot exceed 100W.

Laser arrangement on the optical table is presented in Fig. 3.3. The laser is

delivered to the optical table, where it exits from the laser aperture. Inside this

aperture, a series of devices is situated: (1) beam collimator, in which the incoming

diverging radiation after the fibre is aligned with the optical axis of the device and

collimated; (2) optical diode, or isolator, ensuring the transmission of the light in

only one direction and protects the optical gain media from back reflection; (3)
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beam expander, which is used to increase the size of the laser from typically 10-50

µm (depending on the fibre type and diameter) to 5 mm in case of the used laser.

After the laser aperture, the output beam is aligned with a Class 2 laser pointer,

used for day-to-day alignment. To align the axes of the laser pointer and CW laser,

a system of 2 irises (A1 and A2 in dig. 3.3) are used. To combine the axes of

the CW laser and laser pointer, the optical axis of the CW laser is disturbed with

a dichroic mirror, an optical filter with wavelength-dependent reflectivity. While

being transparent to the infrared light, the dichroic mirror has a high reflectivity in

the visible range, therefore simultaneously transmitting the CW light and reflecting

the visible radiation from a laser pointer. After reflection from a series of dielectric

mirrors, the laser is sent to the workpiece through a galvoscanner (discussed in

section 3.1.2).

Figure 3.3: CW laser and its optical path

The benefit of using fibre lasers over solid-state lasers is the increased length of

active media, which can be coiled and span for tens of meters, and the high

surface-to-volume ratio allows providing efficient cooling. Rare-earth element

doped silica fibre lasers have been reliably deployed in the industry with

applications ranging from the telecom arena to welding and micromachining.

Besides, silica fibres have a high thermal and optical damage threshold.

For machining applications, a double-clad fibre architecture is commonly used,

schematically shown in Fig. 3.4a. The inner silica cladding and a coating with

a low refractive index provide a high numerical aperture. The active core of the

laser is heavily doped with lasing ions, such as Yb, Er, Nd, and Tm. In this
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architecture, the pumping light is sent through the cladding of the optical fibre,

allowing for multi-mode light propagation within the fibre, typically from laser-diode

sources. Once the pump diodes are operating, the light propagates both through

the cladding and the core, where it is absorbed by the active ions. The difference in

refractive index effectively allows containing the light within the fibre through the

total internal reflection phenomenon.

(a) Cross-section of a standard double-clad fibre
and its refractive index profile [225]

.

(b) Cross-section of a GTWave fibre technology
[225]

.

Figure 3.4: Possible fibre architecture for high-power application

.

A different approach for fibre configuration, used in the SPI-SP-100C, is shown in

3.4b. Instead of a coaxial geometry, the fibre consists of one active signal fibre and

one or more multi-mode pump fibres that are manufactured to be in contact and

are encased in a low refractive index polymer covering [225]. This concept allows

for the creation of physically distinct pump and signal fibres that may be taken out

from the common coating material and spliced into multi-mode high-power pump

diodes independently from a single-mode transmission fibre separately.
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Nanosecond pulsed laser

In this study, the SPI-G3 fibre laser was used to achieve laser pulses on a nanosecond

scale. The laser’s active medium is a Yb-doped crystal. In contrast with CW lasers,

pulsed lasers are able to give high power density outputs. This results in a Gaussian

beam with a diameter of 2.5mm at the aperture and a minor ellipticity along one

axis.

The working principle of the laser is shown in Fig. 3.5. The fibre architecture

utilises the same techniques described in the section 3.1.1. The initial seed laser

diode is coupled into the single-mode fibre, which is then amplified by a series of

pump sources based on laser diodes. The fibre configuration of the SPI-G3 laser is

the same as the previously discussed pump fibre and signal fibre separation, shown

in Fig. 3.4b.

Figure 3.5: Working principle of SPI-G3 fibre laser

Parameter Specification

Wavelength, nm 1062 ± 3.0
Nominal pulse repetition Frequency , kHz 1 to 1000
Average output power, W up to 20
Maximum Pulse Energy, mJ 0.54
Pulse Duration, ns < 10 − 250
Mode TEM00

M2 < 1.6
Beam divergence, mrad < 2.8

Table 3.2: Nanosecond laser parameters

The laser has an average power of 18.5 watts and may be operated in a variety

of temporal patterns, as illustrated in Fig. 3.6b. Each ”waveform” is associated
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with certain pulse energy and pulse repetition frequency, ensuring constant power

output. The experimental results in this work were obtained with the following

default settings: waveform 0 was used for the temporal profile (WFM0, Fig. 3.6b)

with maximum pulse energy of ∼0.54 mJ, the repetition frequency of 35 kHz, and

pulse duration at full-width half-maximum (FWHM) was 50 ns. The repetition

frequency may be varied between 1 kHz and PRF0 while preserving the same pulse

energy; however, as shown in Fig. 3.6a, this lowers the average power generated by

the laser.

(a)

.
(b)

.

Figure 3.6: (a) Relationship of pulse energy, average power, and pulse repetition
frequency for the SPI-G3 fibre laser [321]; (b) Possible waveforms and the

corresponding temporal profile of the SPI-G3 fibre laser [321]

Picosecond pulsed laser

To achieve clean, debris-free ablation, an ultrashort pulse laser has been used. While

the carrier-phonon scattering time, i.e. the time necessary for energy transfer from

an energy carrier, i.e. electron, to the lattice, ranges from 10−14 s to 10−11 s (see Fig.

3.2), depending on the material. While a picosecond-long (10−12 s) pulse is nearly

at the edge of carrier-photon scattering time, in principle it is possible to achieve

high quality machining of ceramic materials due to a longer carrier-phonon energy

transfer time, compared to metals.

The picosecond laser is a diode pumped solid state laser, assembled in the most

common order for solid-state lasers: Master Oscillator - Regenerative amplifier.
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Parameter Specification

Wavelength, nm 1064
Repetition rate range, kHz 4
Average output power, W 4.5
Pulse Energy, mJ > 1
Pulse Duration, ps < 60
Mode TEM00

M2 1.1
Beam divergence, mrad < 2.5

Table 3.3: Ekspla Atlantic HE 1064 laser parameters

Master Oscillator is the initial seed laser based on Nd:YVO4 crystal, which produces

picosecond (about 6 ps) pulses with the repetition rate of 86 MHz [71]. Compared too

the classic Nd:YAG crystals, the Nd:YVO4 exhibits a much higher gain and higher

pump absorption, and a broader pump wavelength range. The regenerative amplifier

is based on Nd:YVO4 crystal as well, the output pulse is formed by Pockels cell,

letting the seed amplification in the cavity, eventually going through the regenerative

amplifier towards the laser output.

3.1.2 Beam and stage manipulation

A synchronised system with a motorised stage for sample location in three spatial

dimensions and rotation, and a galvoscanner to manipulate the beam in the 2

dimensions over the sample surface makes up the beam delivery. The motorised

stage is a four-axis system designed by Aerotech that includes two planar linear

stages ALS130H-025 for X and Y axis movement, one linear stage AVS125 for Z axis

movement (in the beam propagation direction), and one rotating stage ACS-150-135.

For the X, Y, Z, and rotation axes, the system has an accuracy of ±1µm, ±1µm,

±1.5µm, and ±72.2µrad, respectively. The manipulation system is shown in Fig.

3.7

Aerotech AGV-HP(O) is the galvoscanner used in this work, which allows the beam

to travel at speeds up to 10000 mm/s with a peak acceleration of 288000 m/s2 and

position accuracy of ±1.2µm. It has a feedback mechanism that permits real-time

data (position, velocity, and acceleration) for each individual mirror to be obtained.
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To concentrate the beam and obtain a flat focal plane at the surface of interest,

the galvoscanner is fitted with a 100mm f-Theta lens which transforms the spherical

focal surface of simple lenses into a planar surface. When used in conjunction with

the SPI-G3 laser beam, it creates a 54.5 µm diameter.

Figure 3.7: Beam and sample manipulation systems, including galvoscanner and
motorised stage.

The system employs G-Code to design the beam path. This enables exact control

of the system’s behaviour, which is essential for accurate tests. The mechanism, for

example, can be set to activate just when a specified speed is achieved, eliminating

inaccuracies caused by mirror acceleration.

3.1.3 Beam characterisation

Power meter

An important metric of a laser is the optical power delivered to the workpiece.

Thermal drift can cause the optical power of the laser to fluctuate by up to 10% in

a short period of time. Degradation of optical components (e.g., mirrors along the

optical path and the f-theta lens) can also result in a reduction in available power

over time. It is vital to measure the power before and after each experiment to

ensure that the right numbers are utilised for calculating the laser beam attributes.
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The average optical power of the laser is measured using an optical power metre

(Thorlabs S350C). The device converts optical energy to thermal energy using

an absorbing material (Schott Glass), and an array of calibrated thermocouples

measures temperature changes and converts them to a displayed average power.

For pulsed lasers, it is possible to obtain pulse energy Ep from the average power of

the laser Pl and pulse repetition frequency fl:

Ep =
Pl
fl
, (3.1)

Beam profiler

The spatial parameters of the laser beam are measured using a beam profiler

(Cinology CMOS-1203). The beam processor is made up of an array of CMOS

sensors with a pixel size of 4.5µm that enables precise beam diameter

measurement. An example of the measured output is presented in 3.8. Before each

measurement, the sensor is calibrated to account for the influence of external

lighting, and an attenuator is employed to protect the sensor from overexposure.

The beam profiler software then automatically post-processes the measurements

after averaging at least 100 frames.

Figure 3.8: Example of the raw intensity profile of defocused SPI-G3 laser having
a Gaussian beam distribution measured with the CMOS beam profiler. The colour

legend represents the normalised intensity.
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Throughout the experiments, the 1/e2 definition of beam diameter is applied. This

is equivalent to the diameters of a fitted Gaussian with an intensity value of 1/e2

(i.e. 13.5%) of the maximum value. An ellipse can be used instead of a Gaussian

for an astigmatic beam, as long as the beam does not stray too much.

Multiple measurements of the beam diameter for different places along the

propagation axis are required to verify the beam diameter is measured at focus,

and to correctly calibrate the mechanical stage used for sample placement.

w(z) = w0

(
1 + (

zλM2

πw2
0

)2
)1/2

, (3.2)

where w(z) is the beam radius at z, λ is the laser wavelength, and M2 is the beam

quality factor. The deviation of M2 value from unity shows the difference between an

ideal theoretical Gaussian beam, where M2 is one, and the real beam with M2 > 1.

Peak fluence, a parameter describing peak energy density for pulsed lasers, can be

calculated as:

F =
2EPl
πw2

0

(3.3)

3.2 Workpiece materials

3.2.1 Substrate

Polycrystalline Ni-based superalloy Nimonic C263 was used as a representative

substrate material for thermal barrier coatings. C263 is a

precipitation-strengthened alloy with excellent intermediate temperatures

(∼1100K) properties such as ductility, strength, and oxidation resistance, and has

found widespread use in aero-engines as a base material for combustors and
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high-pressure compressor blades where high-temperature exposure is not expected

[263].

The composition of the alloy is presented in table 3.4.

Elements Cr Co Mo Ti Al C Ni

wt% 20.0 20.0 6.0 3.0 0.5 0.6 base

Table 3.4: Elemental composition of commercially available Nimonic C263 alloy
[261]

3.2.2 Thermal barrier coating system

To represent static components of the turbine engine, i.e. combustor tiles, a thermal

barrier coating system was deposited via the atmospheric plasma spraying process.

The coating consisted of 75 µm metallic CoNiCrAlY bondcoat and 250 µm YSZ

topcoat layer.

Both bondcoat and topcoat were sprayed with an 3MB plasma torch

(Oerlikon-Metko). The composition of the powders used for CoNiCrAlY bondcoat

and YSZ topcoat spraying are listed in the tables 3.5 and 3.6.

Commercial name Co Cr Al Y Ni

Amdry 995C base 18.0 - 24.0 5.0 - 11.0 0.1 - 0.8 29.0 - 35.0

Table 3.5: Elemental composition (wt%) of bondcoat (Amdry 995C) powder
[207]

Commercial name ZrO2 Y2O3

Metco 204B base 7.0 - 8.0

Table 3.6: Elemental composition (wt%) of topcoat (Metco 204B) powder [208]

Prior to spraying, the superalloy substrate was grit blasted and cleaned to promote

adhesion of the bondcoat. The microstructure of the coating is shown in Fig. 3.9;

topcoat microstructure, presented in Fig. 3.9, represents a typical lamellar structure

formed flattening of spherical powders during the APS process with fine columnar

grains, which is a typical result of air plasma spraying process.
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Figure 3.9: Microstructure of as-sprayed TBC comprised of bondcoat and
topcoat, covering a flat superalloy material. (a) Darkfield optical micrograph of
the coating cross-section; (b) SEM image of the topcoat fracture surface revealing

the lamellar structure of APS coating.

The porosity of the as-sprayed topcoat was 13.1±1.5%, as measured by the ImageJ

software from 3 SEM cross-sectional images, as described by [113]. In this method,

the software analyses the cross-sectional image of the TBC by dividing the image on

”white” and ”black” portions, i.e. ”material” and ”pore” zones, based on the relative

brightness of the spot. This method provides with an estimation of the porosity since

the judgement can be affected due to the SEM scanning parameters and contrast

settings, and limited to a 2-dimensional cross-section instead of the volume. While

a better method to measure coating porosity using X-Ray tomography exists and

provides with an accurate data, the porosity estimation using ImageJ analysis was

sufficient for this study.s

3.3 Material analysis techniques

In this section, material analysis methods are described and used for the

microstructural analysis, evaluation of coating performance, and model validation,

are presented.

3.3.1 Metallographic preparation

Material response to laser irradiation as well as to the simulated in-engine conditions

was evaluated by top surface or cross-sectional observations. The different nature
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of the ductile substrate and brittle and hard topcoat makes material preparation

challenging. Besides, the small thickness of the coating makes the layer particularly

fragile. In order to diminish the mechanical influence of the tools used to obtain

cross sections, aggressive cutting and grinding should be avoided. Instead, slow

cutting conditions and low pressure during mechanical grinding and polishing should

be used. In most of the experiments, the samples were mounted in epoxy resin

which also helps redistribute stresses induced during sample preparation. The

only exception was made for the preparation of the longitudinal cross-sections of

remelted tracks; in that case, it was important to have a cross-section as close to

the geometrical centre as possible, and the top surface was checked via an optical

microscope between the grinding operation, particularly important on the first steps

with low grit size number. These samples were mounted into a 3D-printed plastic

fixture and manually ground on a low-number grit paper to get close to the track,

and ground and polished automatically with the same procedure used for the rest

of the samples, discussed below.

For surface preparation of the deposition substrates, annealed stainless steel AISI

304 of different thicknesses were waterjet cut to size, ground and polished through

the same procedure used for all samples. Immediately before deposition, the samples

were cleaned first in ethanol, then in acetone, and then in deionised water; prior to

deposition, the sample was dried with a heat gun.

3.3.2 Surface analysis

White light interferometry

For obtaining the surface topography of the samples, white light interferometry has

been used, which can reconstruct the 3D surface of the sample and can be used for

calculations of surface topology parameters, such as roughness and waviness, as well

as estimate the amount of removed material upon erosion. In this study, Bruker

GTi white light interferometer has been used, which allows accurate mapping of a

surface.
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The following is a simple description of an interferometer’s operation. A beam

splitter splits a wave produced by a light source into two components. The first

component hits a fixed reference mirror, while the second is directed at the surface

and reflected back. After that, the two components are merged to create an

interference pattern, which is subsequently photographed on a CCD detector.

When the path difference between the two components is zero, the result is a

distinctive fringe pattern, which is the brightest, in other words, when the

mirror-target distance equals to the sample-splitter distance (see Fig. 3.10).

Interference patterns are collected over a range of z locations by altering the

vertical position of the target surface.

The surface data collected by the measuring equipment is subsequently processed

using the MountainsMap software. According to the ”National Physics Laboratory

Measurement Good Practice Guide No.116 The Measurement of Rough Surface

Topography using Coherence Scanning Interferometry” [243], each measured

dataset undergoes a series of operations, which are listed in the following order:

• Filling isolated outliers and filtering;

• Remove surface tilt via 1st order polynomial;

• Automatic principal component analysis to rotate the measured surface to fit the

principal axis of the measured feature.

Figure 3.10: Schematic diagram of a white-light interferometer [290]
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3.3.3 Microstructural analysis

Scanning electron microscopy and energy dispersive spectroscopy

The main tool to assess the impact of the laser beam on the microstructural

transformations, be it material removal, laser melting, or interaction of the coating

in tests, is Scanning Electron Microscopy (SEM). Diffraction-limited resolution of

an optical microscope usually allows distinguishing features down to 1 µm. A way

to overcome this issue is to decrease the characteristic wavelength. While

decreasing photon wavelength is a challenging task, nanometre-scale observations

are possible with high-energy electrons.

The Scanning Electron Microscope (SEM) operates on the premise of using kinetic

energy to generate signals from electron interactions. Secondary electrons,

backscattered electrons, and diffracted backscattered electrons are all types of

electrons used to observe crystalline elements and photons. An image is created

using secondary and backscattered electrons. The primary role of the secondary

electrons generated by the specimen is to detect the shape and topography of the

specimen, whilst the backscattered electrons exhibit a contrast in the composition

of the specimen’s constituents.

The working principle of a scanning electron microscope is comparable to that of a

traditional light-based microscope. A light source (e.g., an electron gun) produces

a beam (e.g., an electron beam) that is collimated by an electromagnetic condenser

lens and directed at a specimen. The beam is scanned across the surface of the

material in an SEM, generating a teardrop-shaped interaction volume.

Collisions with other electrons and atoms scatter electrons both elastically and

inelastically within the interaction volumes. After multiple collisions, the

elastically scattered electrons emerge from the surface and are captured by a

detector. Backscattered Electrons (BSE) can be used to qualitatively differentiate

between elements, such as a parent metal and its oxide because the quantity of

scattering relies on the atomic weight of the element (heavier elements scatter

more strongly than lighter elements).
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The remaining electrons from the initial beam are elastically scattered. Only the

electrons closest to the surface can emerge; these are low-energy electrons known as

Secondary Electrons (SE), which are accelerated and captured by a second detector,

usually situated close to the sample. SE can provide topographical information

on the surface when the amount of SE grows at non-perpendicular incident angles

(because of the bigger interaction volume).

Scattered electrons that do not form a secondary electron lose all of their energy

within the lattice, which is converted to heat and also causes Bremsstrahlung

radiation (due to contact between the nuclei and the electric field) or ionisation of

an atom, which results in the emission of distinctive x-ray radiation.

The background signal captured by the EDX detector is composed of x-rays emitted

through Bremsstrahlung, which have a continuous energy distribution up to the

maximum energy of the primary electron beam; on the other hand, characteristic

x-rays have a well-defined energy distribution, which is dependent on the electronic

structure of the atom and can be indexed, allowing information about the elemental

composition of a sample to be extracted.

Several SEMs have been used in this study. The type of emitter, available detectors,

and parameters used throughout the study are listed in the table 3.7.

Microscope Emitter and
detectors

Parameters Comments

Quanta
Q650 eSEM

Tungsten-based
thermal emitter.
SE, BSE

20kV, WD 10 mm low magnification
day-to-day imaging

Quanta
Q600 eSEM

Tungsten-based
thermal emitter.
SE, BSE, EDX

20kV, WD 10 mm low magnification
day-to-day imaging
and elemental analysis

JEOL
7100F

Field-emission
gun (FEG),
EDX, EBSD

15kV, WD 10 mm High magnification, high
resolution imaging

Table 3.7: List of SEMs and corresponding parameters used throughout the
investigation.
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Electron back-scatter diffraction

To investigate the crystal characteristics upon laser melting, Electron Back-Scatter

Diffraction (EBSD) has been used.

EBSD utilises an electron beam generated by an SEM column that is focused on

the surface, resulting in back-scattered electrons. Because the lattice spacing in

crystalline materials is constant along a crystallographic plane, some electrons can

diffract, according to the Braggs condition 2dhklsinθ = nλ, where dhkl is the

inter-planar distance and θ is the angle of incidence, and create

constructive/destructive interference patterns that can then be imaged on a

phosphorous screen, forming a Kikuchi pattern, shown in Fig. 3.11. The electron

beam is directed onto a tilted specimen, usually at 70 degrees, to obtain the

Kikuchi patterns. The crystal orientation map of the exposed surface can be

reconstructed by scanning the beam across the surface, similar to how an SEM

image is reconstructed.

Figure 3.11: Schematic view of EBSD technique in the SEM environment, where
the electrons are focused on a tilted sample, and diffraction pattern is collected on
a detector plane. ND denotes the sample’s normal orientation, and PC shows the

pattern centre of the diffracted signal.

Each pattern has a zone axis with a sequence of intersecting bands, each reflecting
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the projection of a different crystallographic plane. It is possible to match a Kikuchi

pattern with an orientation angle and material phase if at least three crossing bands

are present. This process is known as indexing, and it is carried out automatically

by the EBSD’s acquisition software, which first transforms Kikuchi band to a Hough

space to determine the location and orientation of each band, and then compares it

to a database. Hough transformation essentially represents the lines of diffraction

bands (Fig. 3.12, a) as a set of points (Fig. 3.12, b) which are easier and faster to

analyse, whereas the analysis consists of comparing the angles between bands and

the lookup database.

Figure 3.12: (a) direct diffraction pattern from the lattice on the phosphorus
screen and (b) Hough space transformation of diffracted lines

The EBSD technique is a valuable tool for material characterization. The quality

of the results, on the other hand, is ultimately determined by the quality of the

patterns obtained, which is determined by the quality of the samples used. Because

of the small sampling depth, the approach is particularly susceptible to surface
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roughness and coating thinness, which might affect the quality of the Kikuchi

patterns obtained. Furthermore, when the crystal lattice is significantly damaged

due to extreme plastic deformation, the indexing algorithm frequently struggles to

find a correlation between the data and the crystal reference database, resulting in

a large percentage of non-indexed points.

An EBSD detector (Oxford Instrument Nordyl) linked to a JEOL 7100F SEM was

used for the current experiment; the system additionally included an EDX detector

for simultaneous elemental mapping. The capture parameters for capturing grain

structure within the topcoat are as follows: step size of 30-300 nm, 2x2 binning, and

a medium exposure period (100-250 ms) are utilised with the accelerating voltage

of 15kV. Frame averaging (3 frames) was used for all the measurements.

Oxford Instrument’s software AztecHKL indexes the Kikuchi patterns, which are

then post-processed by Aztec Crystal software and MTex Matlab library. A variety

of procedures are possible using both methods together, such as the removal of

pseudo-symmetry and isolated outliers, generation of IPF and KAM maps, as well

as pole figures. The maximum misorientation, defined as two indexed points

belonging to the same grain, was set to 10 degrees, which was used for

distinguishing neighbouring grains and revealing the grain boundary geometry.

X-Ray crystallography

X-ray diffraction is a localised, quick, and non-destructive diagnostic method for

determining the phase of crystalline material. It is also possible to determine

the residual stresses, crystal orientation, and purity. The lattice’s high degree of

periodicity and order is represented by a number of parallel planes, each of which

has a distinct spatial orientation Fig.??. Each atom re-emits a small amount of its

intensity as a spherical wave in response to the incident x-ray beam. Because of the

crystal’s high periodicity, constructive interferences are created for specified angles

that are dependent on the distance between the planes and the common direction.

Similarly to EBSD, when 2dhklsinθ is equal to a multiple of the wavelength of the

incident beam, the Bragg equation yields the precise angle for which the intensity
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is maximal. The crystalline structure of the substance is fingerprinted by the

XRD diffraction pattern. Typically, the diffraction pattern is compared to available

databases. The proportion of crystal in a certain orientation was determined using

XRD diffraction in the investigations reported. In the case of a random distribution

of crystal orientation, the database normally includes the position of the peak and

the ratio of the peak. As a result, a preferential orientation of the crystalline

structure of the material can be obtained.

Figure 3.13: (a) Cross-section view of X-ray interaction with crystal lattice
and the Bragg equation below [29] (b) testing chamber of Bruker D8 Discover

diffractometer.

The crystal orientation of YSZ topcoats was measured using a D8 Discover

diffractometer with a Cu Kα target (radiation source) for obtaining a full XRD

spectrum and high-resolution analysis within a specific range of Bragg angles,

allowing to distinguish between m, t, and t’ phases. The broad range was obtained

over a 2θ range between 5 °and 95 °with a step size of 0.5 °and dwell time of 10s.

In refined spectrums, the 2θ ranges were between 27.5°to 32°, and 72.5°to 76 °,

both obtained with a step size of 0.005 °and dwell time of 2s per step. In all the

conducted experiments, the beam size was 1 mm.
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3.3.4 Coating performance assessment techniques

Thermal fatigue

For static components, thermal fatigue resistance is one of the most essential

attributes of TBCs. To determine thermal fatigue resistance of as-sprayed and

modified coatings, 25x25x3 mm specimens were waterjet cut into cylindrical

coupons �of 24 mm, allowing to reduce the influence of stress concentration at the

corners of the sample. The samples were heated to 1121°C in the air for 10

minutes, kept at this temperature for 40 minutes, and then cooled to 60°for ≈10

minutes, controlled by the thermocouple attached to the base of the furnace. The

time spent between the start of the test and the delamination of 50% of the top

coat area was used to calculate the thermal cycle lifetime, which was evaluated

visually. 6 specimens per one measurement were used for statistically significant

results. A similar procedure has been widely used in academic research articles

(e.g. [198, 293, 238]).

Erosion resistance

The coatings were impacted with Al2O3 particles with 220 mesh size at a pressure

of 0.175 MPa, a nozzle-workpiece distance of 101.6 mm, and a 20°impingement

angle at room temperature on 25x25x3 mm as-sprayed specimens, according to the

recommendation by Rolls-Royce. The erosion testing rig is schematically

represented in 3.14. These parameters allow simulating conditions within the

combustor chamber, where the flow of erosive particles impacts the sample with a

low angle of incidence. At the standard procedure ASME G76-04 of ”Standard

Test Method for Conducting Erosion Tests by Solid Particle Impingement Using

Gas Jets” limits the angle of incidence to 90°, which is of lower relevance for

gas-turbine application.
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Figure 3.14: Schematic diagram of the erosion test rig.

Despite the fact that this feature was examined in this work. it should be noted that

for the tiles within the confined area of a gas-turbine engine’s combustor, foreign

object damage (FOD) is a major issue within both compressor and turbine stage

components, while erosion is more severe in the components situated at the turbine

stage due to the higher angle of incidence.

CMAS infiltration

Components of aero-engines are exposed to a hostile combustible environment, as

well as foreign particles in the air, such as volcanic dust, sand fly ash, fuel impurities,

and others. The particles sediment on the surface of TBC, which often leads to sand

infiltration and coating failure, schematically represented in Fig. 3.15. Typically,

the sand represents a mixture of calcium-magnesium-aluminium-silicon oxide system

(CMAS), which can interact with TBCs under high-temperature [168]. While in the

cold sections of the engine, i.e. compressor region, the sand mostly causes erosion

and air passage clogging, it melts mostly in the combustor region and was found to

adhere and infiltrate the TBC on the combustor tiles and baffles, turbine blades,
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vanes and shrouds [100]. The conditions simulating CMAS interaction with TBCs

are yet to become standardised; in this work, the impact of CMAS was performed

under high temperatures based on the parameters found in academic reports.

Figure 3.15: (a) Morphology of natural sand [100] and (b) AFRL 03 sand
with size distribution typically entering the engine level [100](c) Schematics of
CMAS infiltration along discontinuities, such as cracks, splat interfaces, and grain

boundaries.

To simulate this, AFRL03 (Air Force Research Laboratory, US) test dust has been

used (Powder Technology Inc., US), with the composition of

33CaO-9MgO-13AlO1.5-45SiO2 (mol %) [134]. The composition of the CMAS used

is shown in the table 3.8.

Elements Quartz
(SiO2)

Gypsum
(CaSO4·
H2O)

Aplite
(quartz,
feldspar)

Dolomite
(CaMg(CO3)2)

Salt
(NaCl)

wt.% 34 30 17 14 5

Table 3.8: Elemental composition of AFRL 03 test dust used in CMAS tests
[134]
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The sand particulates typically melt between 1050-1250°C [244]. Properties of

AFRL 03 such as glass transition temperature and softening point were not

measured in this study, and were estimated based on reports with similar powders;

the reported glass transition temperature of desert sand with the composition of

27.8CaO-4MgO-5Al2O3-61.6SiO2-0.6Fe2O3-1K2O (mol %) is 706 °C, softening

point is 764 °C, and coefficient of thermal expansion of 9.8 · 10−6K−1 [21]. Higher

temperatures, typical for in-engine conditions, had been used in this study.

The AFRL 03 powder was mixed with ethanol to form a paste with a concentration

of 0.5g CMAS/0.75ml ethanol. The paste was deposited on the sample with the

concentration of 35 mg/cm2 of CMAS powder. After deposition, the paste was

dried on the substrate at room temperature in air for 30 min. The heat treatment

procedure consisted of a slow temperature increase with the ramp rate of 10°C/min

to a temperature of 1121°C. The samples were held at this temperature for 24

hours, slowly cooled down with the furnace without forced cooling, and taken out

after 24 hours. Similar procedures can be found in various academic works, e.g.

[16, 68, 15, 224].
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Chapter 4

TBC microstructure modification

through laser ablation and laser

melting approach

This chapter provides a description of microstructure modification of thermal

barrier coatings for improved durability. Starting with a brief summary of the

failure mechanisms and proposed modification method, this will be followed by

assessing the modification process of TBCs with laser tools. Laser machining and

laser melting of thermal barrier coatings and damage to the material will be

presented and discussed. Laser grooving was performed with short

(nanosecond-long) and ultrashort (picosecond-long) pulse duration, and a

particular material sensitivity of the ultrashort pulse lasers was found, allowing

selectively remove topcoat material with no or minimal damage to the bondcoat

while reaching the interface between the layers. Second step, laser melting, was

optimised on the pre-grooved surface to achieve surface continuity and minimising

the damage to the underlying topcoat material.
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Understand melting mechanisms of TBCs upon laser irradiation. Find relevant

physical parameters governing the geometrical and microstructural parameters of

the coating upon laser glazing procedure.

4.1 Introduction

A constant seek for increased efficiency and durability of gas-turbine engines

generated a high demand for reliable thermal barrier coatings (TBCs). TBCs are

oxidation-resistant multi-layered structures typically having a metallic (Ni,

Co)CrAlY bondcoat covered with an insulating ceramic topcoat. A commonly

used topcoat material, 7-8wt% Yttria Stabilized Zirconia (YSZ), is suitable due to

its low thermal conductivity, high thermal expansion coefficient comparable with

that of underlying metals, high hardness and fracture toughness, as well as

high-temperature phase stability.

Thermal barrier coatings protect the substrate from oxidation and chemical and

mechanical (erosion and foreign object damage) attacks and improve the underlying

component’s expected lifetime. However, the lifespan of current state-of-the-art

TBCs is limited due to oxygen ionic conductivity at high temperatures[157] allowing

oxygen atoms to penetrate through the topcoat, eventually resulting in the bondcoat

oxidation. Surprisingly, the internal porosity of the coating does not increase oxygen

diffusion; conversely, internal pores act as a barrier and retard the diffusion of oxygen

ions through the topcoat, as shown in the work of Wang et al.[342]. Besides, due to

the mechanical nature of adhesion of APS coatings, they experience weak thermal

shock resistance relative to EB-PVD-produced coatings.

Various attempts to modify thermally sprayed coatings have been undertaken and

shown an increase in durability in thermal, chemical, and mechanical tests. For

instance, the multilayer topcoat composition and porosity gradient of the coating

showed the possibility of control of residual stresses in the coating [154]. Topcoat

segmentation via direct material removal approach, for instance with a laser,

waterjet, etc., found industrial attention, reflected in several patents [216], [359]
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and a research work of Khan et al. [51]. Khan shows improved thermal shock

resistance of coatings with a pattern of laser-ablated grooves at the near surface.

35% to 50% of the coating thickness and proved the advantage of grooving in

thermal cycling tests; however, generated open voids might impair thermal

insulative properties of the coating; to the best of the authors’ knowledge, no

further characterisation had been conducted for textured TBCs, hence the

in-depth mechanisms of the thermal cycling improvement are still not clear.

The laser surface melting approach was also tested in a number of works [1], [366]

and implemented during the deposition process[2], showing increased erosion

resistance due to densification of the surficial layer. Thermal fatigue test of

laser-melted thermal barrier coatings showed various results: while some studies

reported increased thermal cycling performance [315], which was attributed to the

network of vertical microcracks at the surficial layer; others found no improvement

in thermal cycling life [98]. This process is also known as glazing because the dense

layer becomes transparent. The influence of the microcracks network, as well as the

relationship between thermal cycling life and the properties of the glazed layer, are

yet to be established. Laser glazing also reduces surface roughness and increases

microhardness but, on the other hand, slightly increased thermal diffusivity of the

coating as a result of decreased porosity at the surface [317], which can also be

attributed to the generated microcracks. The hot corrosion resistance of glazed

coatings was also improved [98], [343] and believed to be a consequence of

generated microcracks, which increased strain tolerance of the topcoat. However,

microcrack morphology plays an important role in the TBC-chemicals interplay,

and there is a field for further investigations of laser glazed TBCs; in more detail,

TBC modification methods are discussed in the Literature Review section.

In summary, the main failure and degradation mechanisms of TBCs are as follows:

1. Stress development in the TGO, leading to coating spallation or buckling.

2. Erosion of the coating, a consistent loss of TBC thickness due to low

splat-to-splat adhesion;



Chapter 4. TBC microstructure modification through laser ablation and laser

melting approach
105

3. Chemical interactions of topcoat with an active environment, leading to

destabilisation of YSZ and/or loss of thermomechanical compliance.

4. Sintering of the porous topcoat leads to deterioration of the thermal insulative

properties of the coating.

To increase the durability of the coating in the harsh engine environment, the

degradation can be retarded by addressing the abovementioned processes. In this

chapter, combined laser ablation and laser melting modification technique is

proposed (Fig. 4.1): hollow internal structure, created employing pulsed laser

ablation, increases thermomechanical compliance of the coating at the

bondcoat-topcoat interface; a dense surficial layer represents a protective surficial

layer resistant to erosion, corrosion, and reducing the oxygen short-path to the

bondcoat. The response of crystal lattice after mechanical erosion and thermal

fatigue was studied and revealed no phase transformation within the affected area.

Instead, the coating shows signs of ferroelastic domain switching and changed the

residual stresses.

Figure 4.1: Key steps to enable pseudo-columnar architecture of the coating: (a)
as-sprayed topcoat with pronounced thermal expansion mismatch stresses at the
topcoat-bondcoat interface; (b) introduced grooves govern the in-plane Young’s
modulus of the coating minimising thermal expansion mismatch stresses; (c)
coating with a dense top surface, resistant to mechanical impacts and reduced

oxygen short path.
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4.2 Theoretical aspects related to the

improvement of thermomechanical

compliance

As concluded in the previous section, one of the main reasons for coating

spallation is the generation of high stresses at the interface with topcoat, induced

by thermal expansion mismatch, shown in Fig. 4.1 a. The topcoat is subjected to

micromachining in order to create a pattern of grooves, which will be later sealed

with a dense protective layer by the laser glazing process. Firstly, the grooves

physically separate the coating, allowing its free movement relative to each other,

similarly to an EB-PVD-produced microstructure. Secondly, in such a process the

solidification shrinkage cracks within the glazing layer will naturally follow towards

the groove (which will be shown in this work), therefore removing the stress

concentrator from the coating.

For the simplicity of further discussion, the bondcoat layer is neglected due to the

similar coefficient of thermal expansion (CTE) with the substrate e.g. ∼ 14 · 10−6

K−1 for Nickel-based superalloy [235] and in range of 15 · 10−6 K −1 for bondcoat

[223]), while the CTE of the topcoat is more different (for YSZ topcoat that is

11·10−6 K −1[235]); TGO strain input is neglected due to its small thickness (1-10

µm [235]). Based on work of Evans and Hutchinson [102] and assuming isothermal

heating/cooling conditions, strain at the interface is given by:

εx th = εx TC − εx sub = αx TC∆T − αx sub∆T (4.1)

where αx TC and αx sub are the linear CTEs in x direction of topcoat and substrate

correspondingly; εx TC and εx sub are the thermal expansion induced strains in the

topcoat and substrate respectively; ∆T is the full temperature difference.

From Hooke’s law [94] the thermal mismatch stress in topcoat – bondcoat interface

σxx, can be expressed as:
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σxx =
Ex · εx th

1 − ν
= Ex ·

(αx TC∆T − αx sub∆T )

1 − ν
=

∆αx · Ex
1 − ν

∆T (4.2)

where Ex is the effective in-plane Young’s modulus of TBC, ∆αx = αx TC − αx sub

is the thermal expansion mismatch between topcoat and substrate, and ν is the

Poisson’s ratio.

From Eq. (4.1) it is evident that thermal mismatch stresses can be minimised by

minimising the thermal expansion mismatch between topcoat and substrate(∆αx)

as well as the effective in-plane Young’s modulus of TBC (Ex). On a macroscale, the

effective Young’s modulus of a porous material Eporous is a function of its porosity,

as proposed by Nielsen: [293]:

Eporous =
Edense(1 − ν)2

1 + ν · ( 1
ρgeom

− 1)
(4.3)

Where Edense is Young’s modulus of initial material, ν is the Poisson’s ratio, and ρ

is the geometry factor of the pores, and higher pore content reduces Young’s

modulus. It is known that the coatings with higher porosity generally show better

thermal cycling performance, on the other hand, greater porosity leads to a

decrease in coating hardness and fracture toughness [16], therefore worse erosion

characteristics. An effective way to decrease the in-plane Ex independently from

out-of-plane Young’s modulus Ez, without compromising coating hardness, is by

creating grooves in one dimension, perpendicular to the interface of layers (see Fig.

4.1 b).

In this case, a gas short path to the underlying material, which might lead to

increased thermal conductivity and faster bondcoat oxidation, and the topcoat

is likely to have worse characteristics in terms of CMAS resistance, erosion, and

particularly to foreign object damage. Hence, it would be beneficial to have a

continuous protective layer, which would seal the grooves, creating a confined air

bubble. Besides, the latter effectively decreases the thermal diffusivity of the coating.

To address this, the top surface of TBC can be densified, ”bridging” the columns
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from the top, as shown in Fig. 4.1 c. These bridges, on one hand, reduce free

penetration of combustion gases into the coating and reduce the thermal diffusivity

of the coating. On the other hand, the sealed layer provides TBC with protection to

mechanical and chemical damage, i.e. better erosion resistance and limited CMAS

penetration through the coating due to the absence of interconnected microcracks

at the dense layer.

As demonstrated in the literature, the possibility of modifying coating properties

by performing post-treatment has been subjected to large interest in the scientific

community over the last decades. At its most basic level, the idea of tailoring

micro-macro structural properties of a coating by use of relatively simple and

inexpensive techniques is very attractive. However, as could be expected, while

each post-treatment is able to improve some characteristic properties of the target

material, this often comes to the detriment of others. While numerous treatments

have been proposed in the literature, a systematic approach to achieving precise

control of coating properties has never been applied.

Manufacturing method of the modification technique is presented in Fig. 4.2. To

reproduce the columnar structure of the EB-PVD topcoat on the macroscale, a

pattern of grooves will be generated within the topcoat via a pulsed laser. For

further protection of the coating from mechanical impact and CMAS infiltration,

the coating is covered with a layer of dense remelted topcoat.
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(a)

(b)

(c)

Figure 4.2: Schematic representation of thermal barrier coating modification.
(a) thermally sprayed coating; (b) laser grooving via pulsed laser; (c) laser glazing

via continuous or pulsed laser.

4.3 Laser grooving of thermal barrier coating

system

The first step of modification aims to improve thermomechanical compliance by

reducing in-plane Young’s modulus, which is done by creating a pattern of
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one-dimensional grooves in the topcoat. For the highest compliance of the layer

and reduction of stress concentration at the groove tip, it was assumed that the

grooves reaching the bondcoat interface is the preferred coating microstructure.

This will ensure independent motion of each column as a consequence of thermal

expansion and shrinkage and remove the stress concentrator at the tip of the

groove. While optimising the laser grooving step, it is important to consider the

following factors:

1. Collateral damage to the material. The laser ablation process can generate

high thermal gradients, which is particularly undesirable for brittle materials

prone to cracking.

2. Groove width at the top surface. Minimising the groove width allows to keep

the structural integrity of the TBC and eases its further continuous melting.

3. Material selectiveness, i.e. ability to stop penetrating further through the

coating once the topcoat was removed. While this can be performed actively,

e.g. by continuously monitoring plasma emissions and measuring its spectrum,

it was found that shorter pulse durations enable selective topcoat removal.

4.3.1 Ultrashort pulse laser grooving

To achieve groove penetration through the topcoat with minimal damage to the

underlying material, ultrashort pulse lasers should be used. In long pulse ablation

(nanosecond and longer) the absorbed heat is transferred to the lattice by heat

conduction, which typically results in the melting of the material (unless the latter

sublimates). The physical process of ablation consists of heat absorption (in metals

absorption by free elections and by the valence electrons in ceramics) and heat

diffusion to the lattice. With long pulses, the laser pulse length is sufficient for the

thermal equilibrium of the electrons and lattice. When the laser pulse length τL is

comparable to or shorter than the electron cooling time τe, the local equilibrium of

the electron-lattice does not take place, and heating of the matter can be described

with a two-temperature model. This results in significant evaporation once the

energy is sufficient, which is typically the main material removal mechanism. Due
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to the absence of free electrons in ZrO2 and extremely low thermal conductivity

compared to underlying nickel oxides, the removal mechanisms with a similar pulse

length may be different. In metals, the thermalisation time within free electrons is

typically between 10 fs to 1 ps [70] and the electron-lattice thermalisation is around

1 ps[345] and longer for ceramic materials [256]. Therefore, while a short pulse

duration is used, it is possible to remove the topcoat material selectively without

significantly affecting the bondcoat.

Results, shown in Fig. 4.3 a, were achieved with ultrashort pulse laser at a fixed pulse

repetition frequency fPRF of 4kHz and fluence of 8.3 J/cm2 with the focal spot size

df of 35 µm, and varied scanning speed υs from 100 mm/s to 5 mm/s with 75 passes

in each line. Such a high fluence was used due to the low absorption of the zirconia

ceramic, and together with low pulse repetition frequency of the laser high values

of fluence were used in order to improve machining speed. Rather a high number of

passes was chosen to ensure minimal ablation of the bondcoat once the laser removes

the topcoat. Pulse overlap PO, which can be found as PO =
(

1 − υs
df · fPRF

)
·100%.

Varied scanning speeds changed the PO in the range of 96% and 29%, resulting in

different heat accumulation attributes within the material. At low overlap values

(29% to 71%, corresponding to υs of 100mm/s to 40mm/s), laser patterning did not

reach the bondcoat due to low energy input and insufficient heat accumulation. The

depth of heat propagation, or thermal diffusion length, can be found as lth = 2
√
DτL,

where D is thermal diffusivity. The diffusion length for a 60ps pulse for topcoat is

just 16nm. At the same time, for a typical bondcoat and the same laser, the diffusion

length becomes 45nm.

The lowest scanning speeds used in the experiments (10mm/s and 5mm/s), shown in

Fig. 4.3 d-e, damaged the bondcoat, concluded from the bondcoat recast noted as I

in Fig. 4.3 d-e, and penetrated through bondcoat and reached the substrate. Image

(d) shows generated pore as a result of beam reflection from a metallic bondcoat.

In further studies of laser modification, this feature of the bondcoat can be used

to create large voids at the interface, potentially increasing coating compliance.

Through bondcoat penetration, shown in Fig. 4.3 e, is an example of unacceptable
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damage to TBC and substrate, leaving the latter unprotected and causing faster

component failure.

Figure 4.3: In-plane Young’s modulus control through picosecond ablation of
topcoat and incubation effect in picosecond laser texturing after 75 laser passes.
(a) ablation with various scanning speeds, showing the selectiveness of topcoat
removal. (b), (c): magnified topcoat-bondcoat interface showing no visible traces
of bondcoat ablation; image (d) shows a light level of bondcoat ablation and (e) -
unacceptable through-bondcoat cut with the affected substrate. Feature (I) shows
the redeposited bondcoat after ablation. EKSPLA picosecond laser, PRF 4kHz,

average power 1.2W

While the threshold fluences have not been measured in this study, literature data

reports relatively high ablation threshold for single YSZ crystals in nanosecond

regime, reported as high as 18.7 J/cm2 [37]. Naturally, threshold fluence will reduce

in picosecond ablation. Howeverm the ablation threshold of metals is typically close

to 1 J/cm2. For nickel superalloy DD6, ablation threshold in picosecond regime is

only 0.11 J/cm2 and 1.63 J/cm2 in nanosecond regime [373].

Optimal cuts were be performed with scanning speeds between 30mm/s and

20mm/s (see Fig. 4.3, b-c), as these scenarios leave indistinguishable ablation of

bondcoat. The difference in bond coat ablation can be explained in terms of the

heat accumulation effect [281], [97]: low scanning speeds of the laser lead to

smaller overlap between pulses, and therefore higher heat accumulation in the

sample and higher energy of the lattice when the next pulse irradiates the surface.

Moreover, the ablation threshold drops with an increase in the temperature of the

affected material, known as the accumulation effect, potentially responsible for
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increased ablation efficiency. However, the accumulation effect becomes

pronounced at high repetition rates[221] and might not occur at 4kHz.

It is evident from Fig. 4.3 that the groove tends to have a V-shape, or a taper angle,

ablating more material at the topcoat surface. The underlying reason for this is the

Gaussian shape of the laser spot, and the tail of the Gaussian spot with smaller

fluence also ablates the material, however at a lower rate. Multiple reflections from

the perturbed surface can further increase the width of the groove. Since the second

step of modification utilises the same topcoat without additional filling material, the

ideal shape of the groove would be a rectangle with a little taper angle. Optimisation

of the groove shape was carried out in terms of pulse energy and focal offset distance,

aiming to minimise the taper angle and the groove width at the surface.

The general process window was studied by varying laser scanning speed υs in the

range of 5 and 140 mm/s, and the number of passes between 10 and 100, as presented

in Fig. 4.4. It can be seen that the picosecond laser is able to remove the topcoat

selectively at υs > 10 mm/s.
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Figure 4.4: Influence of scanning speed and number of the line passes with
picosecond laser ablation. EKSPLA picosecond laser, PRF 4kHz, average power

1.2W

A lower scanning speed of 5mm/s, corresponding to εlaser 6.8 J/mm2 linear energy

density, results in localised heating and, consequently, in high thermal gradients.

Region P1 in Fig. 4.4 is shown in Fig. 4.5 at higher magnification. Besides, high

evaporation pressure is typical for ultrashort pulse ablation, and the amplitudes

of compression wave on the order of 7 GPa, and corresponding aftermath region of

tensile stresses of - 4GPa have been previously reported, which may lead to specimen

spallation [135]. At the groove tip in Fig. 4.5 b, a crack appeared as a consequence of

tensile residual stresses upon cooling. Moreover, the surface of the groove is covered

with a 5 µm thick remelted layer occurred as a result of redeposition (indicated as

”Affected zone”).
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Figure 4.5: Influence of high linear energy density input (6.8 J/mm2) on the
microstructure. (a) Low magnification image showing groove geometry; (b) high
magnification of the groove tip. EKSPLA picosecond laser, PRF 4kHz, average

power 1.2W, 5mm/s, 10 passes. Insert P1 from Fig. 4.4.

After increasing the number of passes to 25, the crack is naturally removed by the

incoming laser, as shown in Fig. 4.6. Even at such a high linear energy density even

leading to cracking, it was still possible to remove the topcoat selectively, which

resulted in a void at the bondcoat-topcoat interface (Fig. 4.6).

Figure 4.6: Selective YSZ removal with picosecond laser ablation applied to
thermal barrier coatings. EKSPLA picosecond laser, PRF 4kHz, average power
1.2W,, 25 passes, 5mm/s (right) and 10mm/s (left). Insert P2 from Fig. 4.4.

However, when further increasing the number of repetitions, the bondcoat can be

removed, as indicated with the red arrow in Fig. 4.7 a. Clear interfaces were achieved

at 30mm/s and 20mm/s (Fig. 4.7 b) laser scanning speeds; similarly to the high

linear energy density shown in Fig. 4.6. Besides, there are clear signs of bondcoat

removal and redeposition in Fig. 4.7 c, which is a consequence of heat accumulation

and melt expulsion of the bondcoat. The void, generated at the interface was
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assumed to be a consequence of bondcoat redeposition: highly reflective in 1um

spectrum metal redirects the incoming radiation back to the topcoat, as indicated

with red arrows in Fig. 4.7 c. Presumably, the surface roughness after melt expulsion

is low and contributes to surface reflectivity.

Figure 4.7: Selective removal with 50 passes at varied scanning speeds, insert
P3 from Fig. 4.4. (a) υs 40mm/s indicated with yellow arrow, υs 30mm/s
indicated with green arrow, 10mm/s indicated with red box; 5mm/s indicated
with green box. (b) high magnification insert of υs 20mm/s emphasising clear
bondcoat-topcoat separation indicated with a green arrow; (c) high magnification
insert of υs 10mm/s revealing a void between the layers. Red arrows indicate the
assumed ray traces. EKSPLA picosecond laser, PRF 4kHz, average power 1.2W,

50 passes.

Furthermore, the focal offset distance (FOD) was optimised in order to achieve a

narrower groove opening at the top surface, shown in Fig. 4.8. The width of the

groove at the top surface was measured from the edges of the laser-affected areas.

This was done to compensate for relatively thick (0.3mm) material removal and

change of the spot size, and a -0.25mm offset distance was chosen.
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Figure 4.8: Influence of focal offset distance (FOD) on the groove geometry.
EKSPLA picosecond laser, PRF 4kHz, average power 1.2W, 75 passes, scanning

speed 25mm/s.

To confirm selective ablation of the topcoat, a different number of repetitions of

scanning lines were used, as presented in Fig. 4.9 laser ablation can accommodate

the variability of microstructural properties of the topcoat. Although the groove

geometry is attributed to a change, the tip of the groove reaches the bondcoat

interface within the tested range.

Figure 4.9: Process stability at a different number of scanning passes (indicated
as ”rep.”). EKSPLA picosecond laser, PRF 4kHz, average power 1.2W; 50, 50, 90

passes, scanning speed is 25mm/s.

This effect was not observed when ablating material with nanosecond-long pulses,

which can be a consequence of a more pronounced thermal effect of ablation and deep

heat penetration, eventually removing both topcoat and bondcoat at a comparable

rate.

4.3.2 Short pulse laser grooving

As shown above, the depth of heat propagation or thermal diffusion lengthlth for a

60 ps pulse for topcoat and bondcoat are 16 nm and 45 nm, respectively and results
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in a confined, localised material removal with little or no melting. Heat diffusion

increases with increasing pulse duration, and for a 220 ns laser pulse that will be

presented here, the thermal diffusion length becomes 1.2 µm and 2.9 µm for the

topcoat and bondcoat layers, respectively. As a result of heat penetration, ablation

of the thermal barrier coating systems exhibits thermal effects.

Nanosecond laser ablation of TBC is presented in the cross-sectional images in Fig.

4.10. Nanosecond ablation of YSZ TBC can cause melting and melt expulsion.

Melt expulsion becomes pronounced at higher pulse overlap PO, i.e. lower scanning

speeds, particularly noticeable with 50mm/s scanning speeds and noted in ”n1” box

in Fig. 4.10. Due to the long duration of the pulse, the incoming energy propagates

into the coating and causes melting and vaporisation, eventually creating recoil

pressure sufficient for moving the molten material to the sides of the groove. This

removal mechanism was not observed at picosecond ablation of the TBC which was

attributed to the drastic change in thermal diffusion length of the laser energy.

Figure 4.10: Cross-sectional SEM micrograph of thermal barrier coating system
after nanosecond ablation. Scanning speed was varied in range 900 m/s to 50 m/s.

(a) 10 passes; (b) 40 passes; (c) 50 passes. SPI G3 nanosecond laser.

Pulse overlap PO in case of 50mm/s is 97.4% which results in a pronounced heat

effect on the TBC; highly localised heat from the laser source results in
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microcracking, at the sides of the grooves, denoted in Fig. 4.11 b, as a result of

thermal expansion of the TBC. Besides, recast formation at the surface of the

topcoat was found at scanning speeds lower than 200mm/s (Fig. 4.10 and 4.11),

which was attributed to the transition from melt expulsion to explosive boiling

removal mechanism with increasing scanning speeds. Selective topcoat ablation

found in the picosecond ablation regime was not found with longer pulse ablation

within the tested range of parameters. In all the tested cases, bondcoat removal

happened at a comparable rate with that of the topcoat.

Figure 4.11: Insert ”n2” from Fig. 4.10 with 50 laser laser passes; scanning
speed is (a) 200, 100, and 50mm/s. (b) High magnification micrograph of the tip
of the laser ablated groove with 50mm/s scanning speed revealing thermal damage

to the TBC.

Melting of the sides of the groove and of the bondcoat was observed in both low

(Fig. 4.11 b) and high (Fig. 4.12) scanning speeds. In both cases, a resolidified

layer of the YSZ is formed at the sides of the groove (Fig. 4.12 b).
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Figure 4.12: Insert ”n3” from Fig. 4.10 with 50 laser laser passes; scanning speed
is 800mm/s. (b) High magnification micrograph of the groove revealing melting

of the TBC. SPI G3 nanosecond laser.

In the series of tests, the nanosecond ablation regime was found to ablate the

topcoat without inducing significant thermomechanical damage and create shapes

with nearly no taper angle, i.e. vertical walls of the ablated grooves, as was shown

previously. The width of the groove in all the cases was smaller than the laser spot

diameter, e.g. 20µm groove width shown in Fig. 4.12 b and even narrower grooves

shown in Fig. 4.10, in part due to melt expulsion of the coating on the sides of the

groove. However, under thermomechanical loads during heating/cooling cycles of

the turbine, the tip of the groove may act as a stress concentrator within the topcoat

material and may eventually result in partial loss of the coating. It was assumed that

such effect can be minimised by ablating the whole topcoat until the bondcoat; in

this case, the geometrical stress concentrator within the material will be diminished,

however, it should be noted that the stress concentrator will be still present due to

the thermomechanical mismatch between the bondcoat/topcoat layers. nevertheless,

the introduced discontinuity at the topcoat/bondcoat interface would reduce the

magnitude of the growth stresses within the TGO layer by allowing the expansion

space. In this study, the influence of the groove depth on the performance of the

TBC system was ignored, and the samples were grooved through the coating until the

bondcoat was reached. Selective ablation was not found in the nanosecond ablation

regime, and the samples were grooved in the picosecond regime, as discussed in the

previous subsection.
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4.4 Laser glazing of thermal barrier coating

system

The second step of modification, laser glazing, was performed on pre-grooved thermal

barrier coatings with one-direction grooves with the spacing of 200 µm with the

following parameters: PRF of 4kHz, scanning speed 25mm/s, focal offset distance

-0.25mm, with 75 passes per groove, pulse duration of 60ps, and the average power

of 1.2W.

While the grooves within the TBC have increased the thermomechanical compliance

(Eq. 4.2), such coating is exposed to mechanical and chemical damage and opens

the oxygen short paths towards the bondcoat. To generate a continuous protective

layer, the segmented topcoat was melted with a continuous wave laser. The sample

must experience minimal thermal damage, i.e. thermal shrinkage microcracks and

collateral damage to separated columns, and create a continuous dense layer, closing

the surficial gap.

The main goals of glazing optimisation were considered to be:

1. Continuity and uniformity of the top surface layer to enable protective

characteristics of the glazed layer, including CMAS and erosion resistance.

2. Minimisation of the thickness of the remelted layer. This would allow reducing

potential buckling of the stiffened topcoat layer [75].

3. Alignment of the solidification cracks with underlying grooves in order to

reduce stress concentration at the crack tip.

4. Minimisation of thermomechanical damage induced during laser melting.

4.4.1 Laser melting process

The solidification microcracks are an inevitable result of solidified zirconia in ambient

conditions. They are generated due to the high coefficient of thermal expansion and

a high melting point of YSZ, approx. 2600oC [77], thus creating high tensile thermal

stresses during rapid cooling and high-temperature drop. While the cooling is rapid,
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the liquid zirconia solidifies on the existing substrate between the grooves, i.e. the

column. In a simplified scenario, where liquid zirconia covers two neighbouring

columns and solidifies, the heat flow is directed into the neighbouring columns. The

thermoelastic strain is minimal at the surface of solidification and amplifies with

the further propagation of the solid-liquid interface. In this scenario, the cracks will

be always generated at the grooves as the accumulated strain between the columns

is higher. This is achievable when the melt pool is elongated, i.e., larger than the

groove width. Control over the melt pool elongation can be achieved by increasing

the scanning speed of the laser. The diameter of the beam, in this case, should be

decreased accordingly to compensate for the drop in the energy density and avoid

discontinuous melting.

Ideally, the remelted layer would continuously cover the grooves, and the generally

unavoidable solidification microcracks align with the grooves while remaining the

minimal thickness. The width of the groove, especially at the top surface area, was

found to significantly influence the laser melting process; large groove widths at

the top surface would require a larger volume of the melt pool allowing it to move

towards the next column, at the same time resulting in higher melting depths. Two

examples of defects in non-optimal conditions are presented in Fig. 4.13 and include

severe uncontrolled cracking of the topcoat with visible darkening of the molten

track, which was found at low scanning speeds (Fig. 4.13 a). Besides, low scanning

speeds allow for filling of the groove void with molten material, as indicated in Fig.

4.13 a. Conversely, high scanning speeds result in insufficient linear energy density

of the laser εlaser = P
υsd

, where P are the laser power, υs is the laser scanning speed,

and d is the beam diameter; this result in discontinuous melting of the topcoat and

bubbling, which was attributed to the effect of surface tension. At the same time, it

was found that the solidification microcracks coincide with the underlying grooves,

as indicated in Fig. 4.13 b.
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Figure 4.13: Dark field optical microscopy of the TBC top surface showing
defects in the laser melting process of YSZ topcoat typical for (a) high and (b)
low heat input conditions. SPI RedEnergy CW laser, average power is 88W, spot

size is 400 µm, laser scanning speed is (a) 2.5 mm/s and (b) 75 mm/s.

A closer look at the surface of the remelted tracks revealed the formation of the

unusual topology of the resolidified YSZ, presented in Fig. 4.14. Nomarski

microscopy allows to capture of small variations of the surface topology by

introducing a prism into the optical path of the microscope, and the varied colour

of the image corresponds to changing distance between the objective and the

examined surface, by which the dendrite formation was particularly clear (Fig.

4.14 a, c). However, the surface variation introduced by the tip of the dendrite was

under 2 µm, as measured with the microscope stage. Dendritic grains were found

next to planar grains with ”equi-directional” shape and elongated in one direction,

indicated as ”planar elongated grains” and ”planar grains” in Fig. 4.14 c.

Interestingly, the sizes of the dendritic grains were much larger than the

neighbouring planar grains, e.g. a 190 µm width of the dendritic grain indicated as

”dendritic grain” in Fig. 4.14 c an sub- 30 µm grain size of the planar grains.

These three unusual observations attracted more attention, and crystal formation

in planar and dendritic solidification modes will be studied in Chapter 6.
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Figure 4.14: (a, c) Bright field Nomarski and (b) dark field optical microscopy
of the TBC top surface showing coexisting planar and dendritic grains. SPI
RedEnergy CW laser, the average power is 88W, spot size is 400 µm, the laser

scanning speed is 25 mm/s.

Although the continuity of the single track melting was achieved, the whole surface

of the grooved TBC must be remelted. The near-infrared laser was used for

remelting, where YSZ has a low absorption coefficient of 1600 cm−1[37], and

inelastic light scattering at the defects such as pores, cracks, and splat interfaces, is

largely responsible for energy absorption from the incoming laser. After melting,

the amount of the scattering defects reduces significantly, therefore reducing the

effective absorption of the laser light by the coating. This results in discontinuous

laser melting, as presented in Fig. 4.15.
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Figure 4.15: Bright field microscopy of TBC top surface showing discontinuous
melting. SPI RedEnergy CW laser, the average power is 88W, spot size is 400 µm,

the laser scanning speed is 50 mm/s, the track pitch is 320 µm

The dense layer lacks internal imperfections, that scatter the laser, and becomes

optically transparent to the laser in the near-infrared spectrum. To create a

continuous layer with low waviness, the surface was melted with the following

routine. The sample was divided into an array of lines separated by hatch

distance. Firstly, every second line was melted with optimal single-pass linear

energy density εlaser = 4.4 J/mm2, calculated as εlaser = P
υsd

. Secondly, the rest of

the surface was melted with a slightly higher linear energy density input εlaser =

5.9 J/mm2, ensuring recrystallisation of the previously melted track, where the

coating has increased transparency. Beam diameter of 0.4mm was chosen, scanning

speed of main tracks are 50mm/s, of filling tracks were chosen 75% of the main

track, and optimal hatch distance was chosen as 80% of the beam diameter.
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Figure 4.16: Illustration of the strategy for continuous laser glazing of the
thermal barrier coating.

After utilising such a strategy with the above-mentioned strategy and parameters,

it was possible to achieve a continuous coverage of the grooved surface, as shown in

Fig. 4.17.

Figure 4.17: Bright field microscopy of TBC top surface showing continuous
melting. SPI RedEnergy CW laser, the average power is 88W, spot size is 400
µm, the laser scanning speed is 50 mm/s (pass 1) and 37.5mm/s (pass 2), and the

track pitch is 320 µm

4.4.2 Optimised laser melting approach for continuous

coverage of grooved TBC

The final microstructure of the coating after optimisation is shown in Fig. 4.18 a-c.

The modified coating consists of macro-sized grooves, approximately 10µm in width.

The dense layer covers the as-grooved TBC continuously (Fig. 4.18 a), although
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separated by narrow vertical microcracks, and no horizontal under the dense region

was observed. The bulk of the remelted region consists of vertical columnar grains,

while the top surface is covered with horizontal columnar grains, visible in Fig. 4.18

b. This phenomenon will be addressed in Chapter 6, dedicated to the crystal growth

in the laser melting process, which will be referred to as ”grain surface sealing”. In

the middle of the laser melted tracks the morphology of the solidified grains changed

from planar to dendritic (Fig. 4.18 d, middle of the track). The thickness of the

glazed layer was found to be in the range of 25 to 75 µm.

Figure 4.18: Compliant thermal barrier coatings with laser-ablated grooves
sealed with a continuous layer. SEM image of cross-section (a) and fracture
surface (b) showing the array of grooves and vertical microcracks aligning with
the grooves. Optical images of the top-view in (c) dark-field mode and (d) bright

field with Nomarski prism.

An additional feature of the modification technique is the alignment of microcracks

with the underlying grooves. In the work of Ahmadi-Pidani et al. [315] and Ghasemi

et al.[326], the increased performance of laser-glazed TBCs was associated with
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strain relaxation at the top surface boundary due to the presence of microcracks,

providing additional space for thermal expansion and accommodating the stresses.

At the same time, microcrack presents a stress concentrator that can significantly

deteriorate the mechanical properties of the coating. By creating a free void under

the remelted surface, the solidification microcracks will naturally connect with the

underlying grooves due to their mechanical independence. Once the microcrack is

connected to the groove, the effective microcrack tip radius is increased to the size of

the groove (∼20µm), and the stress concentration is significantly reduced, while the

structure of the coating can act independently. Since the current study considers

only a one-dimensional array of grooves, the microcracks at the overlapping region

of the remelted layer cannot be connected with the underlying grooves since the

latter are perpendicular to the melt pool velocity.

The laser parameters for ablation and continuous melting of TBC are summarised

in the table 4.1.

Table 4.1: Parameters for achieving selective TBC ablation and continuous dense
layer.

Process Pulse Fluence, Linear Energy Scanning Speed, Focal Offset
duration J/cm2 density, J/mm2 m/s distance, mm

Grooving 60 ps 8.3 - 20 -0.3
Melting CW - 4.4-5.9 50 0

4.5 Summary

In this chapter, a new TBC modification approach has been discussed with particular

emphasis on the manufacturing approach based on laser machining. Development

of the idea of minimisation of in-plane Young’s modulus of the topcoat lead to a

two-step modification approach, creating an array of one-dimensional grooves within

the coating for reducing the stresses arising from thermal expansion mismatch within

the coating, later covered with a continuous glazed layer. In contrast with laser

glazing of as-sprayed TBC, laser glazing of a pre-grooved surface requires careful

attention to the geometrical parameters of the grooves.
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The parameter window for continuous laser glazing is limited due to:

(i) Damage to the underlying coating as a result of thermal stresses

(ii) Surface tension effects, leading to discontinuous surface coverage.

One of the optimisation goals of laser glazing is the minimisation of the thickness of

the glazed layer, which may reduce thermal cycling stresses within the dense layer.

This further complicates the manufacturing process of such coating, as the thickness

of the glazed layer in this scenario also depends on the width of the previously

machined grooves. Other laser manufacturing approaches may be used in other

studies. Minimisation of the laser spot size will eventually decrease the thickness

of the glazed layer; this can be done by either reducing the numerical aperture of

the focusing lens, i.e. increasing the beam width at the entrance and/or decreasing

the focal distance of the lens. Another method of laser spot size minimisation is the

decrease of the laser wavelength from 1064nm to higher harmonics, e.g. 532nm or

355nm.

The latter will also promote laser absorption within the TBC, as zirconia-based

ceramics are known to have poor absorption of near-infrared irradiation [37]. It

is known that most of materials will absorb light with shorter wavelengths. The

plot in Fig. 4.19 indicates that the transmittance of YSZ decreases with decreasing

wavelength, showing particularly low transmission in the 220-450nm region. This

range of wavelengths potentially will not only reduce the spot size of the laser but

also promote the absorption of the incoming laser radiation. In this study, the

available wavelengths were limited to the fundamental harmonic of Nd:YAG Lasers

1064nm, which is the most common wavelength for industrial applications of the

laser. Further reduction of the wavelength by frequency doubling/trippling is less

common however finds its applications due to the better absorption of the laser and

smaller feature sizes. However, this comes at a cost of reduced average power due

to the limited conversion efficiency.
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Figure 4.19: Optical transmittance spectrum of single-crystal YSZ [344].

Due to the limited number of coated samples available for the study, the number

of possible experiments was limited with care, and therefore possible deviation have

not been confirmed statistically in this study. Naturally occurring defects in the

material, impurities, varied surface conditions such as roughness or even dust can

affect both ablation and melting processes. For the further industrial use of this

data, a statistical experimental study will be needed to further confirm the process

window in manufacturing settings.
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Chapter 5

Performance assessment and

microstructure characterisation of

laser modified thermal barrier

coatings

The limited lifespan of protective coatings attracted interest in studying the failure

phenomena and investigating various coating deposition techniques. Thermal

barrier coatings must have a minimal mechanical response to temperature

variations, i.e. thermal expansion-induced stresses while having low thermal

conductivity and excellent resistance to environmental agents. This chapter reports

a novel post-treatment approach allowing independent control of the elastic modulus

in the coating and on its surface by creating hollow internal anatomy covered by a

dense protective layer. Hollow internal microstructure aims to recreate the artificial

columnar-like structure of electron-beam physical vapour deposited coatings, known

for their excellent strain tolerance properties. To protect the coating from chemical

and mechanical degradation and to cut the generated oxygen short path, the top

surface of the coating is subsequently melted with a continuous-wave laser, creating

a dense erosion and corrosion-resistant surface. The approach was comprehensively

benchmarked against state-of-the-art thermally sprayed coatings in terms of

thermal shock, erosion resistance and molten silicon sand penetration.
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5.1 Introduction

Noticeable attention to TBC failure mechanisms was spawned shortly after TBCs

were introduced in the 1970s[185]; nonetheless, as a consequence of the

sophisticated interplay of physical and chemical phenomena, predictive models for

TBCs still undergo improvements [174] even after 50 years of investigations. The

generally recognised primary mechanism dictating the lifespan is based on the

development of thermal expansion-driven stresses in the thermally grown oxide

(TGO) at the bondcoat - topcoat interface. Padture et al. [235] summarised TBC

failure mechanisms, indicating that compressive TGO stresses, combined with the

interface imperfections, phase degradation, and thermal expansion mismatch

between dissimilar materials lead to microcrack development, their coalescence,

and coating spallation. According to Evans et al. [218], the coating spallation is a

result of large residual compression in the TGO layer, amplified by interface

imperfections.

Erosion of the coatings is another important problem, particularly severe in the

turbine stage of the engine; high-velocity particles can damage the coating and

remove material, leading to the loss of coating thickness and a shortened life of

the component. It has been found that the material removal mechanism for the

EB-PVD structure is based on microcracking at the near-surface region and removal

of fractured pieces of TBC, while the erosion of APS coatings occurs due to the loss

of poorly bonded splat boundaries, being 10 times less resistant to erosion [221].

Hot corrosion is especially severe for uncoated metallic components [379], [72],

furthermore, even ceramic materials can degrade in a chemically active

environment [141]. Sodium, vanadium, sulphur, and other contaminations can be

usually found in low-quality fuels, which can form salts able to react with the

substrate or coating material. In the case of YSZ TBCs, the salts react with Y2O3

provoking depletion of the latter from YSZ and eventually destabilization of YSZ.

A YSZ decomposition under hot corrosion into monoclinic and cubic

polymorphous zirconia has been found, where the YVO4 spinels as a result of the

reaction between yttria and vanadium and sodium salts were observed [295].
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Coating corrosion can be caused by desert sand, volcanic ash, containing

calcium-magnesium-alumino-silicates (CMAS), both for EB-PVD and APS

produced coatings [68], [67]. Rapid CMAS infiltration through the EB-PVD

coating and reaching the substrate once CMAS is melted, as was reported by

Kramer et al. [166] and able to induce depletion of yttrium, which causes

tetragonal-to-monoclinic phase transformation upon cooling. The work of

Vidal-Setif et al. on CMAS - EB-PVD TBC interaction presents the occurrence of

complex Zr-bearing phases, the formation of vertical microcracks, and decreased

strain tolerance of the coating [331].

5.2 Results and Discussion

5.2.1 Effect of laser melting on surface roughness

The typical thermal spray rough surface, shown in Fig. 5.1 a, arise from the

deposition process where a coating consists of stochastically deposited splats; laser

melting here acts as a polishing process (Fig. 5.1 b). After laser melting, the coating

roughness reduced from Sa 9.81 µm for the as-sprayed condition to Sa 0.75 µm for

modified coatings. However, there is noticeable waviness at the overlapping region

between the laser tracks.

Figure 5.1: Surface topology of (a) as-sprayed and (b) laser-melted thermal
barrier coating, showing significant reduction in surface roughness.
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While the roughness of the sample after modification decreased significantly, there is

a degree of surface waviness caused by the overlapping of the neighbouring trenches.

After laser melting, the amount of internal defects is reduced significantly, which,

in turn, affects internal beam scattering and, therefore, light absorption; melting

becomes heterogeneous and creates bulges in the previously melted areas, indicated

as the ”overlap region” in Fig. 5.1 b. The Sa parameter captures the overall height

change, while the maximum height difference Rz reaches the values of 102 µm and

28 µm for as-sprayed and laser-melted conditions, respectively. The laser-glazed

surface appears glossy to the direct light, and the improvement in surface roughness

after modification can enhance thermal and tribological properties of the coating

absorbing less convective and radiative energy flow from the combustion products.

5.2.2 Resistance of the coatings to erosion

The threat of coating thickness loss due to particle erosion and foreign object damage

is especially serious in nozzle guide vanes and turbine blades, where the incident

angle of the gas flow is nearly perpendicular to the surface [221]. While the flow in

the combustor chamber is almost parallel to the surface coating erosion occurs at a

slower rate, the degradation of the coating due to mechanical impact still cannot be

neglected, and the erosion resistance of as-sprayed coatings was compared with that

of the coating after proposed 2-step laser modification, consisting of laser grooving

and laser sealing.

The results, presented in Table 5.1, show a significant increase in erosion resistance of

thermal barrier coatings upon modification. The average erosion rate, calculated as

a ratio of the mass loss of the sample to the mass of erosive particles, for as-sprayed

samples is 0.896 mg/g, and 0.104 mg/g for laser melted samples, and therefore the

average erosion performance increased by nearly 8.6 times.

It should be noted that the number of samples was limited and therefore statistical

significance of the erosion experiments will need further confirmation in future

studies of the coating behaviour. To facilitate the future industrial utilization of
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this data, a statistical experimental investigation will be required to validate the

coating performance.

Table 5.1: Erosion resistance of as-sprayed and laser modified samples

Sample Sample Erosion rate Erosion rate Average Erosion
type ID ∆m/∆M ∆m/∆t Erosion rate STD

mg/g µg/s rate, mg/g mg/s
As- U1 0.90 6.72 0.895 0.065

sprayed U2 0.97 6.09
U3 0.81 5.43

Laser L1 0.11 0.82 0.104 0.003
Modified L2 0.10 0.64

L3 0.10 0.68

The samples after erosion tests were analysed via white light interferometry. The

surface data were averaged along the particle flow direction, and the corresponding

average plot is presented in Fig. 5.2. The coating thickness is decreasing in the

middle of the as-sprayed samples significantly (Fig. 5.2 a) and reaches the bondcoat

interface in the U3 sample. According to the results presented in Table 5.1, the

erosion rate of U3 sample, which was eroded up to the bondcoat interface, is lower

than that of U1 and U2. This can be attributed to a higher bonding strength of the

bondcoat splats, than that of the topcoat splats, and generally lower erosion rate of

the bondcoat. At the same time, the erosion rate increased from 0.9 mg/g to 0.97

mg/g (samples U1 and U2), when the topcoat was not removed completely (Fig.

5.2 a).

Due to the limited number of samples available for the study, the number of samples

for each repetitions was also limited and distributed carefully. For the erosion

studies, only 1 sample for each experiment was taken and the statistical deviation

should be addressed in the future studies. Nevertheless, a comparison can be made

with the relative erosion rate since only the duration of the erosive act was changing;

this was found as the ratio of mass loss and the mass of the deposited grit. It was

found that the erosion mass loss also becomes more predictable with the standard

deviation dropping from 0.065mg/g to 0.003mg/g. This was attributed to the

different erosion mechanisms where for the dense coating the coating loses its mass



Chapter 5. Performance assessment and microstructure characterisation of laser

modified thermal barrier coatings
136

due to micro cutting process, while for the as-sprayed coating, mass loss can be a

consequence of splat decohesion. Such behaviour of erosion rate can be explained

as a consequence of damage accumulation within the underlying regions, as will

be discussed below. At the same time, the surface of the laser-modified coating

remained nearly unchanged (Fig. 5.2 b), and the impact of erosive particles is not

as obvious as in the case of as-sprayed coating. The laser-modified sample L3, which

underwent the longest erosion experiment, lost just 40.8 mg of the coating; taking

the density of the glazed layer for 6075 kg/m3 [50], this would result in the removal

of just 6.0·10−3 cm3, or, taking homogeneous removal of the coating, a layer of just

9.7 µm.

Figure 5.2: Average surface height of the samples after erosion tests in different
conditions. (a) as-sprayed and (b) laser-modified samples. The light blue region

of the 50% confidence interval (P value > 50%).
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5.2.3 Erosion mechanisms, microstructure, and morphology

The abundance of structural imperfection, e.g., intra- and interspat cracks and pores,

as well as poor splat-to-splat adhesion, led to a high erosion rate of thermally sprayed

coatings, compared to laser-modified samples. In Fig. 5.3 a the surface of U2

sample is presented close to the middle of the erosion impact. The surface includes

a smooth interface as a consequence of splat decohesion upon particle impact. The

magnified view, shown in Fig. 5.3 b, reveals the fracture of the underlying splat

with a typical for thermal spraying columnar grains. In a longer experiment, when

the mass of erosive particles reached 400g, the topcoat was removed completely in

the region of the highest impact, as presented in Fig. 5.3 c. The dark areas of

the image indicate the exposed bondcoat, while the lighter areas correspond to the

remaining topcoat, which is possible to distinguish in the backscattered mode of

SEM. The cross-sectional analysis was also performed and shows a significant loss

of coating thickness (Fig. 5.3 d). Besides, erosive particles induced mechanical

damage to the surface of the splats, as shown in Fig. 5.3e, and the subsurface of

the sample, presented in Fig. 5.3 d. The microcracks tend to propagate along the

grain boundaries in the surface and the subsurface layers. It is worth mentioning

that the microcracking of the splats are a typical defect after thermal spraying,

and microcracks originating from thermal spraying are also present in the surface.

However, the crack density upon thermal spraying is typically low (between 55 and

75 microcracks/mm[235]), while the presented results suggest much higher density

of cracks, 300 microcracks/mm in the surficial layer and 210 microcracks/mm in the

subsurface region. Accumulation of microcracks within the surface and subsurface

layers can be responsible to the increased erosion rate, decreasing the necessary

energy for splat decohesion.
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Figure 5.3: Microstructure analysis of as-sprayed sample after erosive particle
impact via back-scattered SEM observations. (a) top view of the U2 sample,
revealing splat decohesion; (b) magnified view of (a). (c) top view of U3 sample
under low-magnification conditions. Dark surface indicates the bondcoat, and
white coating is the top coat; (d) cross-section of U3 sample close to the centre of
the erosive impact; (e) cross-sectional high magnification view of the surficial layer
of U2 sample revealing surficial microcracking after erosion; (f) cross-sectional
high magnification view of the sub-surficial layer of U2 sample revealing internal

microcracking within the splat.

After laser modification, the response of the coating to erosive particles changed

significantly: while the mechanism of coating loss in the case of thermally sprayed

TBCs is mainly governed by splat decohesion, whether complete or partial, laser

modified coatings degrade much slower and with a different mechanism. The

cross-section of the modified coating, shown in Fig. 5.4 a, shows that there is no
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significant change in the coating microstructure after erosion. The layer

underneath the glazed region is not cracked, and all the damage is present only in

the surficial region. The number of microcracks, generated at the glazed region of

the modified samples is limited compared to that of as-sprayed samples (e.g Fig.

5.4e-f). Due to the large grain size, the damage does not result in cracking along

the boundaries of micron-sized grains, but rather in permanent plastic deformation

of the surface (Fig. 5.4 d). It should be noted that such behaviour was found at

room temperature, suggesting the possibility of plastic behaviour of YSZ not only

at elevated temperature. This can be explained as a consequence of dislocation

motion within a single grain: assuming the number of dislocations the same within

a grain of a splat and grain after laser glazing, due to the size difference of splat

grains (∼1µm) and glazed grains (∼20 µm) the amount of possible lattice

deformation is much higher for larger grains. This results in plastic deformation

and an abundance of scratches at the surface of the glazed region (Fig. 5.4e).

Accumulated damage still results in narrow microcracks that appear

approximately in the middle of the solidification cracks in perpendicular direction,

visible in Fig. 5.3 b, indicated as ”perpendicular microcracking”. It is interesting

to note that underneath the eroded surface of the sample (Fig. 5.4e). It can be

seen that in a smoothed, micro-cut layer, the coating consists of large columnar

grains (Fig. 5.4 c). At the crack, which appeared within the dense glazed layer

shown in Fig. 5.4f, an uneven surface morphology suggests the presence of

dislocation motion and their propagation along the slip bands, eventually resulting

in a specific surface shown in the indicated region.
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Figure 5.4: Microstructure analysis of laser modified sample after erosive particle
impact via (a), (c)-(f): back-scattered and (b): secondary SEM observations.
(a) polished cross-section after erosion of the L2 sample. Yellow arrows indicate
eroded regions and red arrows indicate rounding of sharp edges at the solidification
crack interfaces which initially resulted from the glazing process; (b) top surface
of L2 sample after laser erosive particle impact revealing crack separation and
appearance of internal microcracks, indicated as ”perpendicular microcracking”;
(c) magnified view of the red box in (a), showing the deformed surface of L2 sample;
(d) top surface observation of L3 sample with signs of erosion; (e) top surface of
L3 sample showing the partially removed surficial layer, revealing the underlying
columnar microstructure after laser glazing (f) high magnification image of the red

region in (d), with bands at the cracked region.

Lufeng Li [235] in a similar mechanical process, grinding, separated the effects of

mechanical impact into groups including rubbing, ploughing, and cutting. The

depth of penetration of the grains discriminates different material removal
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processes, noting that cutting appears when the penetration depth d is higher than

the cutting transition depth dpc, and the material is removed via chip formation.

The results presented in Fig. 5.4 c, d suggest that a portion of the top surface was

removed presumably by a cutting mechanism. No surficial micro cracks around the

depressions and scratched surface were detected, however, a 110µm long

microcrack was found at the top surface (shown in Fig. 5.4e), much larger than

the track of erodent particles, which appeared perpendicular to the particle flow.

The maximum depth of particle penetration does not exceed 20 µm (Fig. 5.4 c)

with the majority of depressions in micron and submicron levels. Since no

microcracks were detected around the eroded depressions (or scratches) neither in

cross-section nor top surface, large plastic deformation of the YSZ topcoat was

assumed. It should be noted that the tests were performed at room temperature

conditions and the surface represents a fully dense YSZ, usually seen as a material

brittle in nature. The absence of piled-up material around the scratches suggests

chip formation and their removal; however, during the erosion process, the formed

chips escape the surface with the erodent particles, and their separation is a

challenging task.

Surface morphology, presented in Fig. 5.5, supports the previously discussed

cracking. Narrow microcracks, visible as thin lines in the texture map (Fig. 5.5 a,

0g of erosion particles), are present as a consequence of solidification shrinkage

after laser glazing. Besides, surface undulations repeat the laser melting pattern

(Fig. 5.5 b, 0g). After erosion, the undulations are smoothed out, the waviness of

the surface is less apparent (Fig. 5.5 b, 150g), and the previously narrow cracks

are widened. The density of cracks increases with the increase of erosive particles

(Fig. 5.5 a and b, 250g) as a consequence of damage accumulation in the glazed

layer. Erosive particles generate dislocation motion within the large grains and

eventually result in massive cracking (Fig. 5.5 a and b, 400g).
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Figure 5.5: Surface morphology of the modified samples after erosion test. (a)
texture and (b) height map.

The study of Tsai et al. [202] revealed that the laser glazed TBCs were losing

large chunks of the densified coatings, and the spallation of this layer exposed the

underlying splat structure, susceptible to erosion damage. The overall resistance

improvement via their method was 1.5 times at low (30o) impingement angles. In

the case of the proposed modification method, the coating loses thickness gradually,

and erosion resistance increased by 8.9 times. Spallation occurs rarely, and still

exposes densified material; an example is shown in Fig. 5.4e.

Such a major difference in erosion performance of the proposed TBC

microstructure and the traditionally glazed TBCs could be attributed to the

confinement of cracks in the described method; the solidification cracks occurring

after glazing, positively affecting thermomechanical compliance of topcoats, create

a stress concentrator at the crack tip and can become transverse underneath the

dense layer. Under mechanical loads, a stress concentrator propagates further
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inside the material and coalesces just underneath the surface. In our method, crack

tips are connected to the underlying grooves, reducing the stress concentrator from

the coating. However, after significant erosion, secondary cracking occurs at the

surface (noted as perpendicular cracks in Fig. 5.5). No large-scale spallation of the

coating was observed in laser-modified samples. Erosion, similarly to literature

reports[235], is happening by spallation failure of the poorly bonded splats and

their fracture in the case of the as-sprayed APS coatings. After undergoing

combined laser modification, the crack direction was controlled, and splat

spallation as well as near-surface cracking was diminished. Instead, relatively large

cracks were appearing in the energetically favourable spots of the coating.

5.2.4 X-Ray diffraction analysis of the topcoat after erosive

impact

In order to understand the influence of mechanical impact on the crystallographic

properties of the YSZ, x-ray diffraction measurements were carried out (Fig. 5.6 to

Fig. 5.8). Typically, the X-ray spectrum of TBCs is taken over a whole range of

angles, however, to capture the morphology of the YSZ, high-resolution spectrums

were taken in low (27.5o – 32o) and high (72.5d – 76o) 2Θ angles. Texture and

morphology of 8wt%YSZ are denoted with respect to the literature reports [235],

[279]. In Fig. 5.6 a, the sample before erosion tests shows a strong peak at 30.1o,

which corresponds to c, t and t’ phases. In the low angle of incidence, these

phases are indistinguishable from each other. No monoclinic phase was observed

in the as-sprayed and eroded samples. Interestingly, the XRD spectrum becomes

asymmetric upon erosion of laser-modified samples (Fig. 5.6 a, denoted with a blue

arrow). At the same time, samples upon erosion of as-sprayed samples, shown in

Fig. 5.6 b, do not exhibit this behaviour. Instead, the peak does not change its

shape but gradually shifts toward 30.1o, which is the stress-free state of to c, t and

t’morphs. According to Bragg’s law, the shift of 2Θ peak towards the smaller values

corresponds to smaller distances between the diffractive planes, i.e. (111) crystal

planes, and vice versa. Qualitatively, the peak of the as-sprayed sample U0 before
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erosion is shifted towards the higher values (Fig. 5.6 b, blue arrow), which can be

a consequence of expected tensile residual stresses upon splat solidification. After

erosion with various duration of the grit mass, the peak gradually shifts toward the

stress-free state (U3 in Fig. 5.6 b, purple arrow).

Figure 5.6: Low angle XRD diffraction analysis of (a) laser modified and (b)
as-sprayed coating after erosion. Notations 0, 1, 2, and 3 correspond to the samples
after the impact of 0g (before erosion), 150g, 250g, and 400g, respectively. The
blue arrow in (a) indicates an asymmetrical broadening of the peak. Blue and
purple arrows in (b) indicate the central 2Θ angle of the U0 and U3 and peaks,

respectively.

The peak of the laser-modified sample before erosion L0 (Fig. 5.6 a) is close to its

relaxed state, which is a consequence of stress relaxation within the cracks after laser

solidification. After erosive impact, the left tail of nearly gaussian peak, disturbed

by unfiltered Kα2 radiation of the x-ray source, propagates towards the smaller

2Θ angles. It was assumed that left-side peak asymmetry represents the increase
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of compressive stresses, which are smaller than the penetration depth of x-ray

radiation. The monoclinic phase content is indistinguishable from the noise level,

and the samples before and after erosion dominantly consist of t’ phase, typically

occurring with high cooling rates.

It is possible to distinguish between t, t’, and c phases in the high angles of the

diffraction spectrum, presented in Fig. 5.7. In this case, the diffraction of the second

characteristic wavelength of copper Kα2 is particularly pronounced [235] denoted on

the graphs. All of the as-sprayed samples before and after erosion have a strong

t’phase preference, and the (400) orientation dominates over the 90o rotated (004)

orientation, see Fig. 5.7 b. It was assumed that such judgement can be made based

on the relative intensity of the peaks since the t’ (400) and t’ (004) planes have

roughly the same number of atoms at the diffraction plane. After erosion tests,

there is a general trend toward increasing thermal stress. Surprisingly, the shift of

the (004) and (400) peaks from the stress-free state is the opposite, suggesting that

the t’ (004) experiences compressive stresses, and t’ (400) has residual tensile stress.

This phenomenon could not be explained in the scope of the current work, however,

similar behaviour was found in the work of Ballard et al. [235], where the t’ (004)

peak is at 73.1o, while the t’ (400) has signs of tensile residual stresses.
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Figure 5.7: High angle XRD diffraction analysis of (a) laser modified and (b)
as-sprayed coating after erosion. Notations 0, 1, 2, and 3 correspond to the samples
after the impact of 0g (before erosion), 150g, 250g, and 400g, respectively. Blue
and purple arrows in (b) indicate the central 2Θ angle of the U0 and U3 and
peaks, respectively. Kα2 indicates the peak from secondary XRD wavelength (no

postprocessing was used).

At the same time, the laser modified sample L0 shows similar t’ (004) and t’ (400)

tetragonal peaks, shown in Fig. 5.7 a. Such change is a consequence of the

laser melting and subsequent solidification. Interestingly, upon erosion tests, no

significant shifts of the peaks along the 2Θ axis were noticed, which suggests that

these phases did not change their stress state. On the other hand, the relative

content of t’ (004) has increased significantly after the first erosive impact in sample

L1 (Fig. 5.7 a), and the trend continued in samples L2 and L3, instead of naturally

occurring trend towards compressing stresses (Fig. 5.7 b). A possible explanation

for this observation could be a shift of the atoms t’ (004) to t’ (400) under external
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stress, also known as ferroelastic domain switching, which was used to explain

the unusually high toughness of the tetragonal zirconia with no transformation to

monoclinic phase.

5.2.5 CMAS infiltration tests

After CMAS infiltration tests in the furnace, the samples reacted with a pronounced

difference, visible in the optical photographs and SEM cross sections are shown in

Fig. 5.8. While the as-sprayed sample underwent explosive spallation behaviour

(fractured parts of the coating are denoted with red arrows in Fig. 5.8 c), most of the

coating of the laser-modified sample remained (Fig. 5.8 a). To further understand

the interaction mechanisms of the molten silicates and TBC, cross sections close to

the centre of the samples have been taken, ground and polished. In Fig. 5.8 d it

is possible to confirm the loss of thickness and spallation of the TBC. The Failure

mechanism may include 2 factors. First, the loss of compliance of the coatings due

to mechanical stiffening of the splat-like as-sprayed structure is a likely mechanism

responsible for spallation. Secondly, yttria reaction with CMAS, its subsequent

depletion from stable 8wt%YSZ causes a decrease in yttria content and loss of

phase stability of t’ YSZ. Finally, t’phase undergoes martensitic transformation

to monoclinic phase with a volumetric increase, causing spallation of the coating.

Similar results have been reported previously by Ghoshal et al. [235] with rapid

spallation after CMAS infiltration. In their work, rapid spallation was not observed

after 30- and 60-min infiltration tests at 1100oC, while complete coating fracture was

reported after 24h test. While some of the coatings still remain on the as-sprayed

sample (Fig. 5.8 b), cross-sectional observation show a significant loss of thickness

of the remaining part of the coating to less than 100 µm, shown in Fig. 5.8 d.

Laser-modified samples, on contrary, show improved resistance to CMAS attacks.

While some partial fracture of the coating was present (Fig. 5.8 a, denoted as

”partial spallation”), the coating still remains adhered to the substrate. A

cross-sectional micrograph shows little damage to the coating with CMAS situated

at the top surface of the densified coating (Fig. 5.8e), which is a sign of decreased
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infiltration ability of the molten sand. The small width of the solidification

microcracks, generated after laser melting, reduces CMAS propagation

significantly.

It should be pointed out that the properties of the CMAS-simulating powder have

not been measured as a part of this study. However, for similar to AFRL-03 powders

the reported glass transition temperature of desert sand with the composition of

27.8CaO-4MgO-5Al2O3-61.6SiO2-0.6Fe2O3-1K2O (mol %) is 706 °C, softening point

is 764 °C, and coefficient of thermal expansion of 9.8 · 10−6K−1 [21]. Since the

softening point of the CMAS is far lower than the dwelling temperature during the

test (1121 °C), and the duration of the test is 24 hours, the CMAS is expected to

melt and infiltrate through the coating.

Figure 5.8: CMAS infiltration test results after 24h at 1121oC. Optical
photograph of the top surface (a) sample after proposed modification technique
and (b) as-sprayed sample. (c) furnace chamber after the CMAS test with an
explosion of as-sprayed coating; (d) SEM micrograph of the remaining as-sprayed

coating; (e) modified structure after CMAS interaction.

In the as-sprayed coatings, the porous splat-like microstructure creates

interconnected channels within the coating. EDS analysis of the remaining coating,

presented in Fig. 5.9, reveals silicon infiltration even in the remaining coating (Fig.

5.9 b). Besides, a continuous TGO layer is visible at the bondcoat-topcoat

interface, and the CMAS does not propagate through the TGO to the bondcoat.
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Figure 5.9: Elemental analysis of the remained coating after CMAS infiltration
into the as-sprayed coating. (a) SEM micrograph; (b) Si map showing
homogeneous infiltration of silicon into the topcoat; (c) Al distribution map,

showing Al depletion and formation of TGO; (d) Oxygen elemental map

The cross-section of a spalled piece of the as-sprayed coating was also analysed,

showing signs of CMAS reaction with the coating (Fig. 5.10). CMAS reaction

can be distinguished by generated submicron porous structure, visible in Fig. 5.10

b. This is caused by the confinement of volatile SO3, CO2, and H2O[235]. Splat

interfaces, i.e. the discontinuities in the microstructure of the as-sprayed coatings,

create a channel for fast CMAS propagation, and the traces of severe CMAS reaction

with the coating are also visible along these paths (Fig. 5.10 b). At the same time,

the CMAS has reacted close to the delamination interface, visible in the magnified

view in Fig. 5.10 c.
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Figure 5.10: Analysis of as-sprayed coating after CMAS interaction. SEM
micrograph of (a) delaminated fragment of the coating after CMAS infiltration;
high magnification image of the (b) top surface and (c) area close to the spallation

interface, showing the interactions between CMAS and as-sprayed coating

After laser modification, the surficial layer is dense and free from internal porosity,

as it was shown previously. The only possible way for CMAS infiltration through

the coating is the solidification microcracks. While the microcracks are beneficial

for thermomechanical compliance, their width would control the flow of the molten

silicates. Generally, the idea behind combined laser modification is to prevent further

propagation of the silicates through the coating. Laser ablated grooves create a void

that can contain the silicates within its volume and reduce its further infiltration. A

high magnification cross-sectional micrograph of the groove interface with the dense

layer is presented in Fig. 5.11. The dense layer is nearly free from silicon traces

(Fig. 5.11 a-b), while the grain boundaries became pronounced. This can be a result

of CMAS propagation through the grain boundaries of the dense YSZ. Inside the

groove, the CMAS is contained close to the dense layer, and a concave meniscus is

caused by surface tension forces, denoted with the red arrow. The concave meniscus

displays a strong adhesion of the CMAS and YSZ and their high wettability.

After reaching the groove, CMAS continues its infiltration through the topcoat to the

neighbouring regions (Fig. 5.11 a-b), at the same time, decreasing the Zr content in

the areas of interaction (Fig. 5.11 c). Na, Mg, and Ca is generally contained within

the void as a consequence of the lower viscosity of their compounds than that of Si

glass.
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Figure 5.11: (a) SEM image of the modified sample after CMAS test. red arrow
indicates meniscus. (b) Si elemental map, showing infiltration of silicon through
the porous part of the coating; (c) Zr elemental map; (d) Na elemental map; (e)
Ca elemental map; (f) Mg elemental map. Yellow arrows indicate the high Ca-Mg

concentration within the CMAS.

While it is difficult to quantitatively compare coating resistance to CMAS, overall,

the resistance of the coating to CMAS infiltration has increased significantly after

combined laser modification.
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5.2.6 Thermal cycling tests

Isothermal thermal cycling tests were completed in the furnace simultaneously, thus

experiencing the same conditions in both as-sprayed and laser-modified coatings.

Thermal cycling results are presented in Table 5.2, showing an insignificant increase

in the thermal cycling performance of the coating.

Table 5.2: Thermal cycling tests results

As Sprayed Modified

Number of cycles to failure, mean 179 199

Standard deviation, % 17 9

In contrast with typically shown partial spallation of the coating and gradual

thickness loss, which can be simply evaluated by either the area of remaining

coating or by thickness loss, the samples underwent different failure behaviour, and

this evaluation technique was not feasible. Instead, the coating remained at the

surface/in its vicinity throughout the experiment, and no fracture of the coating

into smaller pieces was detected. Instead, the as-sprayed samples lost their topcoat

completely, which is particularly clear in Fig. 5.12 e (long red arrow pointing at

the delaminated coating).

Thermal cycling performance in these conditions was evaluated based on the

emission characteristics of the coating shortly after leaving the furnace after each

cycle (Fig. 5.12). Hot objects emit electromagnetic radiation, which becomes

visible close to 1000oC, and a CCD camera usually can capture radiation in

near-infrared spectrum. When the topcoat is disconnected from the substrate, the

rate of temperature loss is higher due to lower overall heat capacity of the object.

Therefore, it is possible to estimate the approximate area of the coating adhered to

the substrate, and 50% of the adhesion loss by area was used as a failure criterion.

Such a high value of coating loss was chosen due to the generally high thermal

inertia of the 3 mm thick substrate with partially delaminated coating: while the

spallation failure is straightforward for analysis, thermal delays of the

substrate-TBC system make it difficult to find the exact moment when the edge
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delamination or buckling has begun. However, coating delamination, in this case,

becomes clearer with a higher percentage of the delaminated coating.

Figure 5.12: Radiation recorded during the cooling part of the thermal cycle
shortly after the end of the heat exposure. Based on the part of the coating
emitting light, coating adhesion to metallic substrate was evaluated. Amber arrows
note samples close to failure, red arrows show the samples evaluated as failed. (a)
150 cycles; (b) 170 cycles; (c) 180 cycles; (d) 190 cycles; (e) 200 cycles; (f) 212

cycles; After 200 cycles, as-sprayed samples were removed from the furnace

After isothermal thermal cycling, every as-sprayed sample lost its topcoat (Fig. 5.13

b, label U), and the bondcoat with small islands of white topcoat is exposed to the

environment. Laser-modified samples in the same figure (label L) remained at the

substrate, however with visible signs of buckling.
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Figure 5.13: (a) thermal cycling performance in isothermal tests of as-sprayed
and laser modified samples. (b) optical picture after 200 cycles in the furnace with
buckled laser-modified samples (labelled as L) and complete delamination of the
topcoats of as-sprayed samples (labelled as U). Some of the topcoats were blown

by air and changed their position.

Fig. 5.13 a shows a slight improvement in thermal cycling performance of the

TBCs after laser modification, however, the change was considered insignificant.

Overall improvement of thermal cycling performance is 11%, which is comparable

with the statistical deviation of the test. At the same time, the failure mechanism

of the coating after laser modification changed to buckling, and further analysis is

described in the following section.

Edge-driven delamination and buckle-driven delamination have been long

recognised as two distinctive failure processes. According to Evans [75], the failure

of thermal barrier coating with a given thickness will be dominated by either

large-scale buckling or edge delamination, depending on the ratio of the in-plane

and out-of-plane elastic moduli of the top coat, shown in Fig. 5.14). The TBC in

the upper right has relatively high in-plane stiffness and limited strain tolerance,

resulting in large residual stress and a high strain energy density, which

corresponds to as-sprayed coating. This energy density augments the TGOs and

provides a strong driving force for edge delamination, which is resisted by mode II

toughness along the most brittle pathway (among the TBC, TGO or interface).

The low in-plane modulus of the TBC in the top left of the map does not resist

small-scale buckling of the TGO, causing the system to fail under conditions

similar to those for the TGO in the absence of the TBC, which is the case for
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Figure 5.14: Edge delamination and large scale buckling as a function of TBC
modulus anisotropy [75]

laser-modified coatings. Small-scale buckling and edge delamination are suppressed

at the intermediate levels of in-plane modulus, and the system resides in a

”fail-safe” domain until degradation phenomena operate on either of these

mechanisms.

5.2.7 Failure mechanics in as-sprayed and modified coatings

and future outlook

Since every sample experienced complete failure due to a large number of cycles,

the experiment was repeated for 160 and 185 cycles. Cross-sectional observations of

the samples closest to failure was taken close to the centre of the samples, and are

presented in Fig. 5.15 and Fig. 5.16.

The as-sprayed sample after 185 cycles experienced edge delamination from one side
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with a large crack opening (∼150 µm), shown in Fig. 5.15 a. In the middle of the

sample, Fig. 5.15 b, the crack still exists and disappears on the right side (Fig.

5.15 c). Some initial cracks are present on the right side of the coating (noted with

yellow arrows in Fig. 5.15 c) which did not coalesce. Moreover, the left edge of the

topcoat has moved relative to the bondcoat (Fig. 5.15 a) as a consequence of creep

within the topcoat.

Figure 5.15: Cross-sectional SEM micrographs of the as-sprayed sample after
185 cycles. (a) left, (b) middle, and (c) right sides of the coating

The TGO thickness of the as-sprayed samples after 185 cycles was 4.3 ± 1.3 µm.

In some areas, the formation of thick spinels was also observed. Similar values were

found in laser-modified samples (3.9± 1.6 µm). After laser modification, the crack

was discontinuous (Fig. 5.16 b), and the crack opening was the largest in the middle

of the sample (∼ 40 µm). This was considered to be a buckling failure due to the

high elastic modulus of the densified coating.

Figure 5.16: Cross-sectional SEM micrographs of laser-modified sample after
185 cycles. (a) left, (b) middle, and (c) right sides of the coating

During the thermal test, the following explanation is proposed, schematically shown

in Fig. 5.17, separated into 4 stages. At stage 0, the coating experiences no

damage and functions as designed with full functionality and begins developing
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microcracks. At the next stage, microcrack initiation starts, and in the case of the

as-sprayed coatings develops into a macrocrack close to the edge. This creates a

combined crack front (noted with a red arrow in Fig. 5.17, ”Stage 1”), and the

sample enters the crack growth stage, where the crack front continues its expansion.

Depending on the stress concentration, the relative speed of crack propagation and

crack initiation may differ, resulting in one of the possible failure cases: (i) when

the crack propagation speed is faster than crack initiation, the once initiated crack

continues its development and continues its growth, as depicted in Fig. 5.17 and

observed in the presented experiments; (ii) on contrary, the speed of crack initiation

may be higher than the speed of propagation, which would result in crack initiation

across the circumference of the sample, and then its propagation towards its centre.

Eventually, in both cases, the crack propagates towards all the surfaces of the sample,

and the substrate fails after losing the whole coating, noted as stage 3.

Figure 5.17: Proposed failure mechanisms during thermal cycling of as-sprayed
and modified coatings

The amended microstructure of the coating upon modification changes its failure

mechanism due to the dense layer of the topcoat and grooves. During stage 1, the

coating develops microcracks at the stress concentrators at the sides of the grooves.
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The direction of micro- or microcrack propagation is confined in one dimension:

once a propagating crack front enters the groove, its further propagation, effectively,

stops. In stage 2, the initiated cracks continue covering a larger portion of the sample

until failure.

Choi et al. [235] distinguished the failure phenomena of the coatings based on the

ratio of in-plane and out-of-plane elastic modulus of the topcoat, proposing that the

dominance of the out-of-plane elastic modulus leads to edge delamination, and the

relative decrease in the in-plane elastic modulus would lead to buckling spallation.

Between the two, a ”fail-safe” condition is met, when the initial delamination

neither spreads nor buckles, eventually increasing the thermal shock resistance of the

coating. With the proposed method, it has been shown that it is possible to tailor the

microstructure of the coating in such a way that the edge delamination is suppressed

by buckling, while the coating experiences similar thermal cycling characteristics.

In this work, the microstructure design was limited by the manufacturing abilities

and aimed to show the possibility of tailoring the microstructure and needs further

optimisation.

5.2.8 X-Ray diffraction analysis of the topcoat after thermal

fatigue tests

To understand phase transformation in as-sprayed and laser-modified states, the

samples were analysed via X-Ray diffraction. The results presented in Fig. 5.18

suggest that no noticeable tetragonal-to-monoclinic phase was observed under

1121oC. Nonetheless, further analysis revealed a small peak of less than 5% of the

total content, which is not visible with the linear scale of intensity. As was

discussed previously, the relative residual tensile stresses upon laser modification

are lower than that in the as-sprayed case, however, after thermal cycling the

coating experience the opposite behaviour. As can be expected, the peak of the

as-sprayed sample U0 gradually shifts towards relaxation at 30.1o after 160 and

185 cycles (samples U160 and U185) due to creep relaxation and splat sliding of
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the coating. On contrary, the tensile residual stress of the laser-modified sample

increases with increasing thermal cycles, shown in Fig. 5.18.

Figure 5.18: Low angle XRD diffraction analysis of laser modified and as-sprayed
coating after erosion. Notations 0, 160, and 185 correspond to the samples after
0, 160, and 185 thermal cycles, respectively. Blue and purple dashed lines indicate

the central 2Θ angle of the U0 and U3 and peaks, respectively.

This controversial result is a consequence of the changed creep mechanisms of the

coating. Thermal relaxation cracks, typical for laser melting of thermally sprayed

YSZ, are believed to be responsible for the increased lifespan of the coatings[315],

however sometimes with no improvement in thermal cycling life [98]. Due to high

microcrack density, controlled by the groove pitch, the width of the microcrack

is smaller than that occurring naturally. During thermal cycling, the topcoat is

separated by the microcrack with a width smaller than the linear thermal expansion

of the coating, and the colliding parts of the dense coating generate compressive

stresses. The underlying splat like as-sprayed topcoat still experiences splat sliding

creep behaviour, in contrast with the dense layer. Together with the bondcoat,

this combined effect results in tensile stresses at the topcoat layer in the case of

laser-modified coating.

High angle XRD spectrum also shows relaxation of the coating in as-sprayed

conditions, see Fig. 5.19 b. The t’ crystals compressed in [001] direction and

experience tensile stresses in [100] direction release the accumulated stresses due to

creep relaxation (U160 and U185, Fig. 5.19 b). The laser-modified samples also
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show some signs of relaxation with the general trend towards the stress-free state

(Fig. 5.19 a). As was discussed previously, the initial texture of the laser-modified

sample has a similar distribution of t’ (400) and t’ (004), i.e. [100] and [004]

oriented crystals, which changed after erosion impact. Similar behaviour is present

after the thermal cycling tests, where the relative peak height of t’ (400) to t’ (004)

decreases after thermal exposure. Similarly, the possible explanation for this is the

ferroelastic domain switch of the dense coating with increasing preference for the

[100] orientation.

Figure 5.19: High angle XRD diffraction analysis of laser modified and
as-sprayed coating after erosion. Notations 0, 160, and 185 correspond to the
samples after 0, 160, and 185 thermal cycles, respectively. Blue and purple dashed
lines indicate the central 2Θ angle of the U0 and U3 and peaks, respectively. Kα2

indicates the peak from secondary XRD wavelength (no postprocessing was used).
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While the splat sliding does not occur in the dense coating, this decreased the rate

of coating relaxation. Besides, the stresses generated during thermal cycling in

laser-modified coatings are sufficient for ferroelastic domain switching of the dense

coating.

5.3 Summary

This study showed the effects of artificially induced porosity after coating

deposition, combined with surface densification, generating vertical and sealed

pores via laser beam processing. Further work toward TBCs with desired elastic

modulus ratio, in particular through thermomechanical modelling, should be

carried out in order to obtain thermal barrier coatings with desired characteristics.

Besides, the width of the microcracks at the dense layer after laser melting was

recognised to be responsible for an increased thermal shock resistance [315].

Grooving the topcoat in perpendicular dimensions would potentially benefit the

coating. Together with careful control of the thickness and geometry of the glazed

layer, this can suppress buckling failure. A pattern of grooves generated at the

dense layer can serve this purpose, thus decreasing compressive thermal stresses.

Potentially, wider microcracks would increase the thermomechanical compliance of

the topcoat. The width of these cracks may be controlled by the groove pitch

and/or ambient temperature during laser melting. At the same time, there is a

trade-off between the crack width and resistance of the coating to oxidation, i.e.

larger cracks would be a better short path for oxygen penetration to the bondcoat.

With regard to CMAS resistance, increasing the crack width would lead to a higher

flow rate of molten silicates toward the grooves, and lower CMAS performance.

It should be noted that the number of samples was limited and therefore statistical

significance of the erosion experiments will need further confirmation in future

studies of the coating behaviour. To facilitate the future industrial utilization of

this data, a statistical experimental investigation will be required to validate the

coating performance.
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The modified coating was comprehensively analysed in close to engine operating

conditions. In all the tests conducted the modified coating showed increased

durability in comparison with as-sprayed coating:

1. The coating after combined laser modification decreased its surface

roughness from Sa 9.81 µm to Sa 0.75 µm, potentially improving tribological

flow conditions within the aero engine.

2. Erosion resistance of the coating after modification was increased by on average

8.6 times in comparison with as-sprayed coatings, which is a consequence

of surface densification and diminishing the influence of poor splat-to-splat

adhesion of thermally sprayed coatings. No large volume fracture of the

densified region was observed, which is a consequence of the increased depth

of the glazed region.

3. Quasi-columnar coating has an increased CMAS resistance by reducing the

propagation of the molten silicates inside the coating and containing the CMAS

within the groove volume.

4. Thermal cycling life of the coating was increased by 11%, resulting from

increased strain tolerance of the coating. The spallation mechanism of the

coating changed from edge delamination to buckling.

5. No phase transformation of YSZ was found under 1121oC after thermal cycling

in either as-sprayed or laser-modified conditions.

6. X-ray diffraction revealed the existence of a ferroelastic domain switching in

the laser-modified state of the YSZ coating as a response to particle impact and

thermal cycling. Such behaviour was not found in as-sprayed coatings. Tensile

residual stresses after thermal spraying were relaxed through laser melting.

After erosion, signs of stress relaxation were observed in the as-sprayed coating,

while the laser-modified coating generated compressive stresses within the thin

surficial region.
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Chapter 6

Understanding microstructure

formation within the glazed layer

During the work on laser modification of TBC, discussed in the previous chapters,

unusual solidification behaviour of the laser melted topcoats was observed.

Particularly, formation of remarkable fractal-like dendritic grains is rarely

discussed in the context of ceramics. Besides, two different phenomena have been

identified, which will later called ”grain surface sealing” and ”grain bending”. In

grain surface sealing phenomenon, we found that in certain conditions the typical

vertical columnar microstructure is ”sealed” with horizontal columnar grains;

”grain bending” refers to the change of the straight grain boudary to a curve. With

the assumption that these three observations have a common physical reason, closer

attention was paid to stability of the planar-liquid interface in the melt pool. With

the aid of macroscopic thermal model, the interface stability of the interface was

analysed, and was used in combination with a grain growth model which was

developed based on cellular automata approach. With the aid of the models, three

phenomena have been explained and accurately predicted, and compared against

experimental data.
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6.1 Introduction

Laser-based modification of thermal barrier coatings, discussed in Chapters 4 and

5, consisted of material removal via laser ablation and melting and consequent

solidification via laser heating. While the ultrashort pulse laser ablation used in our

case removes material, it incurs little change to the remaining material. Laser melted

topcoat, on contrary, changes the properties of the coating significantly, including

mechanical, i.e. roughness, density, and Young’s modulus, thermal, i.e. thermal

conductivity of the coating, optical, i.e. material absorptivity and scattering.

As-sprayed topcoats consist of mechanically interlocked lamellar splats and

provides internal porosity. High cooling rates during as-sprayed process, 106 K/s

[327] to 108 K/s [287], and leads to fine microstructure, and the grain morphology

in sprayed coatings is planar columnar. However, laser melting allows to change

these characteristic parameters: as it was shown in Fig. 4.15, various grain

morphologies may be achieved with pronounced dendritic morphology. Besides,

some unusual solidification effects were observed. Fig. 4.18 b and d, where the

vertical columnar grains are covered with horizontal, or in-plane, columnar grains,

therefore significantly altering geometry of grain boundaries compared to typical

columnar grains. This phenomenon will be referred to as ”grain surface sealing”.

Moreover, the very grain geometry was found to change its shape in certain

experimental conditions, presented in Fig. 6.1. Te experimental evidence shows

the existence of grain inclination, i.e. the angle between Z axis and grain within

the straight region, and grain bending, i.e. change of the grain boundary shape

from a straight line to a curve.
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Figure 6.1: Grain inclination and grain bending in laser-melted YSZ observed
in a transverse cross-section EBSD scan near the centre. Experimental conditions:

SPI G3 laser, laser power 18W, scanning speed 2mm/s.

Such unusual behaviour has not been reported, and in general very few studies paid

attention to microstructure formation of TBC upon laser melting. Nevertheless,

laser processing is a continuously evolving field for tailoring surface properties of

materials. Altering crystal structure allows tailoring specific application properties:

fine equiaxed morphology to increase fatigue performance[283] and compromise

creep lifetime[285], and columnar grains to exhibit longer times and higher creep

strains[285]. Besides, the geometry of grain boundaries was found to influence

crack propagation and fatigue properties in some research works[369]. Thus, the

understanding of the microstructure, hence the properties, can allow tailoring the

properties of the material in a way beneficial for a given application. While the

importance of grain microstructure is well-recognised in metals, limited attention

has been paid to grain formation in ceramic materials, including thermal barrier

coatings.

To understand microstructural transformations within the grain region, the crystal

growth kinetics must be taken into account. The change in the properties in the

resultant coating was out of the scope of this work, instead, the goal of this chapter

is to understand the following phenomena:

• Grain inclination;

• Grain bending;

• grain surface sealing.
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Grain geometry can be studied experimentally, i.e. by direct analysis of the

cross-section via EBSD mapping post-mortem, or predicted via mathematical

modelling. While the experimental observation always provide with the ”true”

results of the process with given experimental conditions, such approach is

resource-consuming and gives little understanding of the process. Modelling

approach, instead, provides an idealised picture of the process with a number of

assumptions and leads to certain inaccuracies as a direct result of considered

assumptions. Such approach allows to directly observe certain parameters

experimentally inaccessible, e.g. the shape of the molten pool and fluid velocity

within the melt. At the same time, modelling approach allows to skip the

experimental part and provide theoretical crystal structure as a result of laser

melting with certain conditions, which may allow creating ”microstructure by

demand” for various materials. In order to understand the process and provide the

ability to predict grain geometry and morphology, mathematical modelling

approach will be used.

Generally, there are three major categories of methods for modelling the

microstructure formations during the laser processing: Phase Field[32], Cellular

Automation (CA) [270], [95], and Monte-Carlo[346] methods. The Phase-field

method is the most accurate representation in terms of physical formulation

incorporating the fine perturbations of the solid-liquid interface; however,

phase-field is the most computationally intensive of all the approaches, limiting its

application to small scales. Probability-based models, such as the Kinetic Monte

Carlo method, which are based on grain boundary mobility [268], [228];

nevertheless, currently, it does not incorporate material texture. In this approach

the representation of the physical model is limited, and the parameters are

determined by experimental data. As such, CA approach is arguably the most

popular technique for grain formation on large scales [248], [43]–[307]. The solution

is based on calculating the length of an expanding octahedron, assigned to the cells

at the solid-liquid interface. The octahedron approximates a growing dendritic

crystal with 6 main growing axes, recognised for FCC and BCC materials.

Currently, the most popular tool for predicting dendritic growth in CA models was
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established by Gandin and Rappaz [84], i.e., an algorithm allowing for reducing the

influence of the mesh on the grain propagation and became arguably. However,

this approximation is valid only for the case of diffusion-limited aggregation in the

undercooled melt [330]. Although it is known that this is not the only case of

solidification, to the best of the author’s knowledge, this assumption has been

applied to all solidification models, limiting their application to dendritic mode

only. At the moment, there are algorithms actively resolving dendritic growth

which do not rely on decentred algorithm scheme. By actively solving the solute

diffusion equation in the melt, it is possible to resolve the higher-order branching

of the dendrites [118]. Due to computational complexity similar to phase-field

models, these models are generally limited to 2-dimensional growth[116], [51], or

growth of one/several dendrites in three dimensions[109].

Yet another approach was developed by Wei et.al. to predict the solidification

microstructure of a solidified weld in pure aluminium on mesoscale [347], [346].

Based on the assumption that the direction of crystal growth is collinear with

the local heat flow, the shape of the crystals was predicted with the aid of heat

transfer and fluid flow model. Such an efficient approach, however, is valid only

for the case of planar growth since the growth speed was defined by the laser.

At the same time, growth in undercooled melts may not only be limited by the

velocity of the melt pool. As it will be shown later, growth velocity can be much

higher than the melt pool velocity when the solid-liquid interface perturbations

develop into dendritic solidification[314], [13]. A similar approach was used in

several works of Han et al.[115], [118], [116], and in one of them, the difference

in solidification behaviour in pure Al and binary Al-Cu alloy was emphasised [117].

Dendritic growth of a binary alloy was found even at low welding speeds of 2mm/s

due to solute segregation. At the same time, both growth mechanisms usually

coexist simultaneously[162]. Different growth mechanisms in planar and dendritic

growth dictate different solidification velocities and characteristic crystal shapes have

an influence on crystal growth, and therefore the shape of the crystals and their

orientation. In an effort to capture these phenomena and demonstrate the influence

of specific growth conditions, a predictive model for combined planar-dendritic
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growth is proposed in this work.

To date, CA dendritic growth models cannot capture the difference in planar and

dendritic solidification, and a method to address these issues is proposed in this

chapter. While the standard decentred octahedron algorithm represents an option

for modelling a dendritic interface, there are no reports of a complementary planar

interface modelling using the cellular automata approach. In order to explain and

allow to predict the observed phenomena, cellular automata approach will be utilised

due to its relative computational simplicity.

While the classical cellular automata approach fails to explain solidification in

laser-melted TBC, a new computational method is proposed. The method considers

the development of the dendritic interface, and the representative resolving the case

of planar growth. With the aid of the model, we explain the grain surface sealing and

grain bending phenomena, where the coexisting planar and dendritic solidification

take place. In order to address this challenge, the following steps will be taken:

• Theoretical background of the interface stability will be analysed, which allows to

distinguish between planar and dendritic solidification modes.

• Modelling approach for combined planar – dendritic growth will explain the

particular method used to explain crystal growth. This will include the

macroscopic thermo-capillary model, and microscopic grain growth model from the

melt.

• Influence of fluid flow on melt pool geometry will be discussed

• The cases of vertical columnar growth and horizontal columnar growth will be

analysed and distinguished, explaining the grain surface sealing effect

• Morphology analysis will be performed based on the thermodynamic

characteristics at the solid-liquid interface, and its influence on the crystal

microstructure will be discussed, allowing to explain why grain bending occurs in

certain conditions and discuss the grain inclination angle within the straight grain

region.
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6.2 Theoretical background of the interface

stability

The development of one of the morphologies is dictated by the heat input and its

kinetic parameters, as well as the material properties. With regard to a compound

of two or more components, 5 possible interfaces can be identified [201]:

1. Mode 1. Full diffusional equilibrium, when the phase compositions C are

uniform, and the temperature gradient is zero.

2. Mode 2. Interface equilibrium, when the initial interface perturbations begin

to develop due to Gibbs–Thomson effect

3. Mode 3. Metastable interface equilibrium, when the stable phase cannot

nucleate sufficiently fast, and initial perturbation develops into cells.

4. Mode 4. Interfacial non-equilibrium, when the chemical potentials are not

equal at the interface, and cellular perturbation develops into dendritic

microstructures.

5. Mode 5. Absolute interface stability, when the interface becomes stable again

at high solidification rate conditions.

As the driving force for solidification is the degree to which the liquid is undercooled,

five types of solidification undercooling have been identified: kinetic undercooling,

thermal undercooling, constitutional (solutal) undercooling, curvature undercooling,

and pressure undercooling. In a two-phase material, the main driving force is usually

constitutional undercooling [308], which occurs during the difference in melting

points of the phases and redistribution of the solute in the liquid, and results in

cooling a liquid is cooled below its melting point. In a simplified scenario, neglecting

the influence of surface tension and fluid flow, liquid undercooling occurs when the

liquidus temperature gradient at the interface is larger than the temperature gradient

at the workpiece ∂TL
∂x

> ∂T
∂x

, or
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∂T

∂x
< mL

∂CL
∂x

(6.1)

where∂TL
∂x

is the liquidus temperature gradient at the interface, mL is the liquidus

slope at the phase diagram, CL is the concentration of Y2O3 in the liquid [173]. From

Eq. (6.1) considering k as a partition coefficient defined as the ratio of concentration

gradients of compound elements, G for the temperature gradient, R for velocity of

the interface advance, or solidification rate, and DL for thermal diffusivity of the

liquid, the critical of the interface can be deduced as [173]:

G

R
<
mLC0 (k − 1)

kDL

(6.2)

where C0 is the equilibrium concentration far from the interface. When the condition

in Eq. (6.2) is met the interface is stable, and otherwise random perturbations can

be amplified to cellular and dendritic morphologies. The G
R

ratio is often called the

morphology factor and is a useful parameter describing the stability of the interface,

shown in Fig. 6.2. High thermal gradients G and low solidification rates R result in

indistinguishable undercooling and planar solid-liquid interface. With the increase of

solidification rate R, liquid undercooling in the melt pool increases and the interface

perturbations amplify, and result in cellular and later in dendritic morphology.
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Figure 6.2: Possible crystal morphologies as a function of temperature gradient
G and growth rate R (adapted from Kou[161] and Kurz[173]). While low scanning
speeds generally result in planar solidification front, with a constant thermal
gradient the solid-liquid interface stability becomes disturbed with increasing
scanning speed. As a result, the grain growth in a cellular or dendritic manner,

until interface velocity reaches the velocity of absolute stability Va.

6.3 Modelling approach for combined planar –

dendritic growth

When modelling the grain growth in the laser melting process, by far the most

popular approach is decentred octahedron method, allowing to resolve grain

growth in various two- and three-dimensional models on a large scale. When the

assumption of dendritic growth is valid, it is possible to utilize existing models for

the competition of columnar dendritic grains [43], [248] where the final orientation

is dominated by the grains with easy growth directions. However, the models

considering thermal undercooling without recalculations of front temperatures lead
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to growth with a strong influence of grain orientation. Once the assumption of

dendritic growth fails, the decentred algorithm can no longer represent the

solid-liquid interface, since the growth mode is not limited by diffusion of adjacent

liquid atoms[17], but rather by the velocity of the melt pool geometry. This, in

turn, explains the straight grain boundaries, i.e. with no bending, formed during

orientation competition in dendritic growth models[189], [183], which cannot

capture the reality of possible grain curving.

Hence, in this work, a new and comprehensive method for capturing both growth

modes, which can expand current models to capture grain bending (curving) and

surface sealing with in-plane growing grains, is proposed and demonstrated on laser

glazing of YSZ as a case study.

6.3.1 Thermo-capillary model details

To accurately model the solidified microstructure as well as the local

thermodynamic parameters at the interface, i.e. temperature distribution, the melt

pool shape, temperature gradient, and fluid motion in the molten pool of

laser-glazed YSZ must be taken into consideration. Velocity magnitude in laser

melting, induced by Marangoni convection, can reach the orders of mm per second

[58] and effectively dominate the heat flow conditions from conduction to

convection. In this study, a coupled heat transfer and laminar flow model was built

to predict the temperature distribution accurately, schematically shown in Fig.

6.3. The semi-transparent nature of the coating material was taken into account

by considering the Beer-Lambert law of absorption. The main assumptions of the

thermal model are:

1. The fluid is Newtonian and incompressible;

2. Fluid flow is laminar;

3. The free surface of the fluid is flat;

4. Vaporisation is neglected.
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Figure 6.3: (a) Laser glazing process of the workpiece material: heat absorption,
phase change, surface tension-induced fluid flow within the melt pool. Modelling
phenomena and the boundary conditions. (b) Schematic top view of solidification
process during laser melting, depicting grain evolution across the solid-liquid
interface. The solidification rate experiences its maximum at the trailing edge

of the melt pool and can lead to the loss of interface stability.

The energy transfer is modelled using the generalised energy law of energy

conservation through the apparent heat capacity method [217], [156]:
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ρCapp
∂T

∂t
+ ρCappu · ∇T −∇ (kth∇T ) = Ql (6.3)

Where ρ is the density, Capp is the apparent heat capacity, T is the temperature, u

is the velocity vector, kth is the thermal conductivity and the heat source term from

incoming laser radiation is Ql, Incoming laser radiation was modelled considering

transparency in the layer via Beer-Lambert law[37]:

Ql (z, t) = (1 −R)α (z) exp

(
−
∫ zsurf

0

α (z) dz

)
·

2P

πw2
exp

(
−

((
x (t) − x0

w

)2

+

(
y (t) − y0

w

)2
)) (6.4)

Where R is the reflectivity of the coating (set to 0.2), α (z) is the absorption

coefficient(1600 cm−1[37]), x (t) and y (t) is the position of the centre of the laser

beam, and w is the beam waist (0.2mm).

Heat loss through radiation and convection at the top surface are considered:

kth
∂T

∂z
= h∞ (T − T∞) + εσ

(
T 4 − T∞

4
)
, z = zsurf (6.5)

where h = 10 Wm−2K−1 is convective heat transfer coefficient[99], emissivity ε is

set to 0.8 [7], σ0 is the Stefan-Boltzmann constant (5.67 ·10−8 W
m2K4 ). The rest of the

boundaries are considered adiabatic walls. The initial temperature of the material

is set to T (x, y, z, 0) = 293 K.

Due to highly concentrated energy at the surface of the molten pool,

high-temperature gradients occur at the top surface of the liquid. Typically,

surface tension (γ) of the liquid decreases with increasing temperature, i.e. ∂γ
∂T

< 0.

Eventually, high-temperature gradients at the surface of the melt pool induce

surface tension to generate shear stresses at the surface of the liquid, directed from

the hottest point to the sides of the pool, where the liquid is cooler. This generates

internal flow within the melt pool which, if this is of sufficient intensity, can
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become a dominating heat transfer mechanism. This process is also known as

Marangoni convection or thermocapillary convection[161].

The velocity of the fluid in the melt pool can be found by coupling the continuity

and momentum equations, which can be written as[304], [40]:

k
∂u

∂t
+ ρ (u · ∇)u = ∇ · (−pI + µ∇u) + F (6.6)

where p is pressure, µ∇u represents the viscous stresses, and F are the external

forces (gravity and surface tension, activated at the top surface).

The top surface boundary is considered as a slip wall u · n = 0 and is subjected to

thermocapillary induced shear stresses σth = −γ∇T ,. A standard way to

numerically implement these stresses at the slip wall is done by introducing a

volumetric force F ψ acting at a thin subdomain with thickness ψ, producing the

same amount of shear force[24]. Therefore, the boundary condition is implemented

as:

F ψ = − γ

ψ
∇ (6.7)

The rest of the boundaries have a no-slip condition u = 0.

Temperature-dependent properties are assumed in the model, shown in Fig. 6.4. The

model consisted of three layers, i.e. substrate, bondcoat, and topcoat. Navier-Stokes

equations (A4)-(A5) were solved for the topcoat region only since no phase change

occurs in the underlying layers. To suppress flow in the solid-state, dynamic viscosity

of the media in solid-state µs was set to 10000 Pa·s. The model was meshed with

tetrahedral elements with a maximum element size in the topcoat of 20 µm. The

total width of the model (Y dimension) was 3mm, and the thickness of the layers was

300 µm, 150 µm, and 3000 µm for the topcoat, bondcoat, and substrate, respectively.

Due to increasingly large length to depth ratios of the melt pool for high scanning

speeds, the length of the modelled region was varied for each speed case. The length

was taken for 5 mm. The governing equations for thermal and fluid models were
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solved in a moving reference frame using the finite element method as provided by

commercially available COMSOL Multiphysics 5.5 by fully coupling Non-isothermal

Flow and Heat Transfer in Liquids[217].

Figure 6.4: Specific heat and thermal conductivity of YSZ [37]

Once the thermal field is established, i.e., the shape of the melt pool has ceased

to increase, it is assumed to be the same for the whole duration of the process.

Then one-way coupling was used to couple the heat transfer and cellular automation

models. However, as one-way coupling does not capture enthalpy changes due to

grain growth and solidification, the FE was also employed to calculate the latent

heat release induced by solidification explicitly through the apparent heat capacity

method [37]. It should be noted that such approximation induces some level of errors

on the thermal field and the melt pool, and therefore on the local solidification rate

R and thermal gradients G.

6.3.2 Grain growth model of laser glazing of YSZ

A relatively coarse mesh used in the heat transfer model is bilinearly interpolated on

a fine mesh with a constant step size dx of 3 µm. The space is initially assigned with

the orientation of the crystals represented by Euler angles. To achieve an accurate

representation of orientation, initial orientation was taken from an EBSD map of

as-sprayed material. While the average grain size of the real grains with the mean

value of 0.25 µm was smaller than the step size of the mesh ( 3 µm), the points
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corresponding to the initial map were randomly mixed within the matrix and were

used to fill the 3D space of the CA model.

Nucleation model

Several mechanisms of grain nucleation are possible: fusion boundary nucleation,

epitaxial nucleation, and bulk nucleation ahead of the solidification front. In the

sets of experiments, epitaxial growth was found to be the dominating mechanism for

grain nucleation in laser melting. Although some level of equiaxed grains were found

in the set of experiments, bulk nucleation in the undercooled liquid was neglected

for numerical simplicity.

Epitaxial nucleation was implemented with a constant rate of nucleation[307], [214].

The space within the region Tsol < T < Tliq was assigned with random nucleation

probability P ∈ [0, 1]. The space within the undercooled melt is assigned to critical

nucleation probability Pcr = N ·(dx)3, where N is nucleation rate (taken for 1013 1
m3 ).

The points with nucleation probability P > Pcr were subjected to nucleation. The

cells ever experienced melting, i.e. when T > Tliq, were not subjected to nucleation

and removed by storing an additional Boolean matrix T > Tliq.

Mesoscopic dendritic and planar growth model

As it was shown in Section 2, the development of the grain structure can depend

on the local parameters within the solid-liquid boundary. The presented model

combines two modes of development of grain structure: dendritic and planar growth,

schematically shown in Fig. 6.3. The grain growth in dendritic mode is limited by

the rate of the forward reaction, i.e. the rate at which atoms can join the solid [18],

which is site-specific for most of the crystals[323]. This is the basic mechanism for

orientation selection in competitive dendrite growth that can be captured by the

dendritic growth model.

At the same time, the growth rate is limited by the velocity of the solid-liquid

interface, and therefore the growth velocity is not limited by diffusion. This happens

when the interface of the solid-liquid interface is planar, according to Eq. (6.2), the



Chapter 6. Understanding microstructure formation within the glazed layer 178

solid-liquid interface can be split into planar and dendritic interfaces, and the growth

modes should be treated differently. The approach proposed below allows resolving

two growth modes simultaneously.

Dendritic growth model for tetragonal crystals

Due to the high computational costs of resolving dendrite branching, large-scale

models are usually limited to approximating growing dendrite by some shape,

typically an octahedron in three dimensions ( e.g. [271], [307]). An octahedron

represents the shape of a freely expanding crystal in the undercooled melt,

particularly clear in the work of Mohebbi and Ploshikhin [214]. To reduce the

influence of the mesh, a decentred octahedron scheme is widely accepted [84].

In decentred octahedron approximation, the crystal is free to expand in the mushy

zone, and its growth velocity is defined by the level of liquid undercooling. As

stated before, five types of undercooling can be distinguished, namely thermal,

constitutional, curvature, kinetic, and pressure undercooling[173]. The majority

of three-dimensional cellular automata models consider thermal undercooling only

[307], however constitutional and curvature supercooling is often calculated [214].

To avoid calculation of solute diffusion equation, only thermal undercooling was

considered, ∆T = Tliq − T ∗, where T ∗ is the temperature of the cell obtained from

eq. (6.8). Lipton-Glicksman-Kurz (LGK) model is widely used to relate the dendrite

tip velocity (vd) to local undercooling, and analytical approximation of dendrite tip

velocity was used [307]:

vd (∆T ) = A·∆T 2.5 (6.8)

Where A is the dendrite growth velocity, which can be found as:

A =
Dl

5.51π2(−C0ml (1 − k))1.5Γ
(6.9)
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The length of the half-diagonal (L) of the octahedron at the time t’ can be found

as:

L(t′) =

∫ t′

0

vd (∆T ) dt (6.10)

The process is implemented by using decentred octahedron scheme (Fig. 6.3).

Typically, FCC and BCC crystals are modelled by CA. In the case of YSZ, the

grain structure upon solidification is tetragonal with a c/a ratio close to
√

2. Based

on the work of van der Drift [323], the growth for t’ YSZ crystal is an elongated

octahedron. Numerically, this can be implemented by calculating the vertices of

the octahedron C6 and multiplying them by a rotation matrix with corresponding

Euler angles:

C6 =



a 0 0

0 a 0

−a 0 0

0 −a 0

0 0 c

0 0 −c


·RZY X + P

Where RZY X is rotation matrix in three dimensions, P is the coordinate of origin

point, a and c are the lattice parameters of the crystal (3.605Å and 5.18Å

respectively [129]). Then, the vertex coordinates undergo Delaunay triangulation.

Together with the coordinates of the neighbouring points, this allows checking if

the point is inside the enclosing simplex within any given shape. Once the

neighbour is inside the octahedron, its new coordinates are calculated according to

the typical decentred algorithm procedure.

Planar growth model for the representation of the stable interface

To capture grain growth independent of its orientation, a spherical approximation

of the growing element is proposed. Firstly, this ensures that the grain growth is

independent of its preferred orientation. Physically, this means that the adsorbed

atoms have no preference where they will land since all the possible states in the
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crystal will be filled, until the interface with liquid (growth of initial seed in a planar

manner is shown in Fig. 6.3).

The growth velocity, in this case, is equal to the solidification rate R, which can be

found as a projection of the laser scanning speed vector to the solid-liquid interface.

Since the solid-liquid interface is a surface of equal temperature, the temperature

gradient vector ∇T is perpendicular to the interface. Therefore, the planar growth

velocity can be expressed as:

vplanar = R =
dot
(
vlaser,∇T

)∣∣∇T ∣∣ (6.11)

where vlaser is the scanning speed vector of the laser, and
∣∣∇T ∣∣ is the L2 norm of

the vector. Similarly to Eq. 6.10, the length of the sphere representing planar grain

can be found as follows:

L(t′) =

∫ t′

0

vplanar (∇T ) dt (6.12)

Besides, the growth algorithm based on expanding spheres is far less computationally

expensive than the decentred octahedron algorithm. The capturing condition, in

this case, is simply L− (N −O) > 0, and the new length rt0 = L− (N −O). This

approximation does not include matrix products and can be easily vectorised.
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Figure 6.5: Schematic representation of planar grain growth algorithm in variable
heat flow conditions

However, the growth process is also dependent on the mesh. Two neighbouring

points representing different crystals will preferably propagate parallel to the

chosen coordinate system. The shape of the real solid-liquid interface in the point

connecting two planar grains and the liquid zone is different and can be influenced

by capillary effects [312]. In this study, grain mobility is increased by changing the

initial length of the cells at grain boundaries to zero, and the length of their

neighbours to half of its initial length each time the interface is shifted.

Coupling method for planar and dendritic models

Once the nucleation process has passed, each nucleated cell (active cell) is assigned

with its growth rate R and mean thermal gradient value
∣∣∇T ∣∣. The ratio

|∇T |
R

is

compared with the critical G/R ratio, which can be obtained from Eq. (6.2), and

the active cell is assigned to either dendritic or planar growth modes. The velocity

of the grain is calculated according to (6.8) or (6.11), and the following procedure

of checking the neighbouring cells is performed according to the growth mode. To

define the cells around the active cell, the first Moore neighbourhood is used in this

study, consisting of 26 neighbouring elements in 3-dimensional space [248]. The

model flowchart is presented in Fig. 6.6.
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Figure 6.6: Flowchart of grain growth modelling using combined planar-dendritic
cellular automata route.

6.4 Experimental Methods

To validate the proposed modelling process, a laser glazing of the TBC topcoat has

been experimentally conducted by observing its microstructure formation. For

this, a Ni-based superalloy Nimonic C263 was coated using an F4-MB plasma

torch (Oerlikon-Metco) with commercially available powders for bondcoat

(Co-32Ni-21Cr-8Al-0.5Y) and topcoat (7-8wt%Yttria Stabilised Zirconia, YSZ) via

atmospheric plasma spraying (APS) process. For the laser glazing process, a

single-mode Yb-doped CW fibre laser (SPI RedPower SP-100C, 1090nm

wavelength) was used to melt the surface of TBC. After initial pre-optimisation of

the process parameters to achieve a continuously remelted dense layer with an

acceptable level of damage, the optimal power density of the laser was found to be

79,6 kW/cm2. The laser power P at the workpiece and laser beam diameter d

were fixed to 100W and 0.4 mm, respectively. To achieve various geometries of the

melt pool, the scanning speed v was first varied between 0.5 mm/s and 300mm/s.

In these conditions, the maximum scanning speed providing a continuous remelted

layer was found to be 100 mm/s with an energy density of 250 J/cm2, calculated

through Ep = P
vd

. To capture different grain morphologies, scanning speed was
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then set to 2.5mm/s and 25 mm/s, which corresponds to energy densities of 10000

J/cm2 and 1000 J/cm2. After laser treatment, the samples were analysed with

optical microscopy (Nikon), and the Nomarski prism was used to capture the small

heigh variation of the dendritic structures. The curved surface of remelted tracks

was analysed using a scanning electron microscope (SEM, Quanta Q650) in

backscattered (BS) electron mode to capture the contrast between grains with

different orientations. For image measurements, ImageJ software was used.

To reveal the crystal structure of the solidified material, samples were cut

longitudinally near the middle of the remelted line, and then mechanically ground

and polished to be in close proximity of the middle of the track. The cross-sections

were analysed with electron backscatter diffraction (EBSD, Oxford Instruments).

Prior to EBSD analysis, polished cross-sections were coated with a 10nm layer of

carbon due to the non-conductive nature of YSZ, which reduces sample charging.

Obtained EBSD maps were analysed with the aid of Oxford Crystal software.

6.5 Results and Discussion

6.5.1 Influence of fluid flow on melt pool geometry

Fluid motion within the liquid can affect the melt pool geometry significantly.

Thermocapillary forces arising from the temperature gradient at the surface of the

melt pool induce the flow of the liquid, creating a convective flow within the melt.

While it is common to neglect the fluid flow due to its relatively low impact on the

geometrical size of the melt pool, its impact on the shape of the interface can be

significant, as shown in Fig. 6.7a. On the other hand, high energy density can lead

to developed flow, reaching 45 mm/s when the energy densities of 10000 J/cm2,

which can further decrease to 0.1mm/s at 250 J/cm2. To understand the impact

of fluid flow within the liquid on the heat transfer in the workpiece, dimensionless

groups can be used. Peclet number shows the ratio of convective and diffusive heat

transport, defined as:
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Pe = Re · Pr =
uL

λ
(6.13)

where Re is the Reynolds number, Pr is the Prandtl number, u is the fluid velocity,

L is characteristic length, and λ is thermal diffusivity defined as λ = k
ρCp

, k is

the thermal conductivity. Pe can also be calculated as a product of Reynold’s

number Re and Prandtl number Pr. The highest ratio of convective to diffusive

heat transport was found at the trailing side of the melt pool, reaching 35% in the

case of the highest energy density case, 10000 J/cm2, shown in Fig. 6.7b. Then, the

ratio of convective heat transfer to the combined heat transfer is 26%.

Figure 6.7: (a) Geometry of the melt pool with and without fluid motion within
the pool. (b) Peclet distribution within the melt pool. Velocity vectors are shown

in yellow. Energy density 10000 J/cm2.

As a consequence, the developed fluid flow can change the semi-circular shape of

the melt pool (red surface, Fig. 6.7a) to a droplet-like shape with a mostly straight

trailing edge, curving to a nearly vertical boundary at the surface (cyan surface, Fig.

6.7a). Local spilling motion of the liquid, i.e., vorticity, is the highest at the trailing

side of the pool, attributing to the elongation of the melt pool and straightening of

its trailing edge.

Direct validations of the shape of the melt pool in-depth present a major difficulty.

Instead, post-mortem EBSD scans of the solidified track will be presented. Assuming

the solid-liquid interface is planar, instead of a continuous grain curling which could
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be expected for a semi-spherical melt pool, the crystals were found to bend towards

the direction of the scanning speed near the surface, as shown previously in Fig. 6.1.

6.5.2 Vertical columnar growth and horizontal columnar

growth

In the set of experiments, unusual behaviour of grain growth was observed, as

presented in Fig. 6.8a-d, which shows normal unidirectional vertical crystals, and

long directed crystals, covering the surface of vertically grown crystals (also

presented in a cross-cut in Fig. 6.10c). To reveal small fluctuations of the surface,

Nomarski microscopy was used. In transparent samples, it is possible to gain the

optical path information, where two orthogonally polarised beams are recombined

through two birefringent wedges before observation. The varying optical density of

the sample at peaks and valleys of a non-flat sample changes the apparent colour

of the sample.

In high energy density conditions (Fig. 6.8a-b), the grains appear planar. The

optical micrograph in Fig. 6.8a is brighter in the middle of the track due to the high

curvature of the solidified track; a magnified image of the region in the red box is

presented in Fig. 6.8b, where grain contrast was achieved by using backscattered

electron image, sensitive to the density of the sample. For a tetragonal crystal, the

apparent density of grain depends on its orientation as a consequence of varying

packing density in different crystallographic directions. The smooth top surface

suggests that the grain morphology remained planar in this case.

In decreased energy density conditions (Fig. 6.8c-d), the laser scanning speed

increased from 2.5 to 25 mm/s. This, in turn, affected the local solidification rate,

and the loss of interface stability is clear. 4 regions can be distinguished: (1) the

planar region at the sides of the track, which transforms to a narrow (3) cellular

mode and later to (3) dendritic mode (Fig. 6.8d). These groups are noted as in-plane

to emphasise the elongation direction. The last group, vertical dendritic grains, is

a clearly visible 180 µm wide region in the middle of the track. According to the

experiment, this region has solidified above the median surface of the track mode
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(Fig. 6.8c). Competition of the grain orientation is present in the dendritic zone in

Fig. 6.8d, where the grain boundaries become bent instead of growing linearly.

Figure 6.8: Micrographs of the top surface of the single track laser glazed thermal
barrier coating at different laser scanning speeds: (a) 2.5mm/s, x5 magnification;
(b) magnified backscattered SEM image of a marked region in a red box is shown
in (a); (c) top surface of remelted track with a scanning speed of 25mm/s, x20

magnification and (d) x50 magnification of red box shown in (c).

By separating the current solid-liquid interface into planar and dendritic groups,

and using the combined planar-dendritic cellular automata model, it is possible to

capture different growth kinetics in diffusion-limited aggregation and

interface-limited aggregation. In the case of a low solidification rate, all the

interfaces remained planar, as will be demonstrated later. Grain solidification was

captured entirely by the spherical growth algorithm, described in the previous

chapter. The peculiar difference of the spherical approach is the unidirectional

growth of the active cell representing the crystal front. Its growth velocity is the

same as the rate of interface advance R and ensures that the whole interface shifts

at the same rate and with no perturbations. In fact, this means that no

competition among grains with different orientations is possible, and the growth is

orientation-independent. Since the nucleated growing crystal inherits its original
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orientation, the resultant texture of the solidified track repeats the original texture

of the base material.

The predicted top surface reveals the grains are equidirectional with increasing grain

size towards the centre (Fig. 6.9 a). Experimental results suggest that the grains are

equidirectional however, the grain size in the middle of the track is similar to that

at the sides. This difference arises from the assumption of a flat liquid surface in the

thermal model. Due to the curved shape of the top surface, depressed in the middle

(Fig. 6.8a), crystals reach the surface of the liquid sooner than the time predicted by

the model. In the case of a combined planar-dendritic growth, happening with the

energy density of 1000 J/cm2, the grains undergo elongation towards the centre of

the melt pool. The results are captured by the combined model, and the elongated

dendritic grains found in the experimental results are also present in the predictions

Fig. 6.9b. Besides the in-plane elongation, the model predicts the vertical dendritic

grains in the middle with no elongation with a similar width of 200 µm Fig. 6.9b.

Figure 6.9: Top view of modelled and experimental grain structure for scanning
speed of (a) 2.5mm/s and (b) 25mm/s.

It is worth noting that the in-plane grains (Fig. 6.8c-d) covered most of the surface
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from the sides to the middle region with vertical dendritic grains, whereas in the

case of planar growth the grain length is direction-independent. Here, an interplay

of different phenomena occurs, which results in in-plane growing elongated grains.

There can be at least two possible reasons for the in-plane columnar growth,

“sealing” the remelted region. Firstly, convective and radiative heat transfer at the

surface leads to an increased cooling rate at the surface. That is, when material

solidifies in the bulk, the temperature decreases through conductive heat transfer.

Due to a high melting point of zirconia (2680 oC [190]) and rather low thermal

conductivity coefficient (∼2 W/(Km)[117]), convective and radiative heat transfer

plays a significant role in heat transfer. Gains at the surface, experiencing

convective and radiative heat transfer in addition to conduction, have a higher

heat loss (Fig. 6.10, a). Higher heat loss eventually increases the cooling rate,

which gives the initial advantage in growth velocity at the surface even while

morphology remains planar. Therefore, the grains at the side of the melt pool win

the competition with the underlying vertical grains. Secondly, when the in-plane

grain progresses towards the middle of the interface, the local solidification rate

increases, breaking interface stability. Once the ratio between thermal gradient

and solidification rate exceeds the critical value, the growth speed of the crystal is

no longer limited by the solidification rate, and the grain undergoes dendritic

growth. The growth of dendritic grains is not confined by the solidus line and the

crystal progresses into the mushy zone, closing the underlying vertical grains (Fig.

6.10a, c). Somewhat similar results are often presented in the welded

microstructure of metals, however, the underlying mechanism and microstructure

are different. In the case of combined planar-dendritic growth, the cross-section

consists of mostly vertical columnar grains. Metallic welds, in contrast, tend to

grow towards the centre of the weld in the whole volume of the weld [43].
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Figure 6.10: Illustration of the evolution of horizontal, vertical grains and grain
surface sealing concept. (a) the top surface of the melt pool and solidification,
indicating in-plane, or horizontal, columnar grains, and an area with vertically
grown grains. (b) the cross-sectional sketch view. (c) EBSD of the transversal
cross-section of track presented in Fig. 6.8c, showing vertical columnar grains and

in-plane (horizontal) columnar grains.

6.5.3 Morphology analysis and its influence on the crystal

microstructure

To further understand the behaviour of the melt pool, initial properties of the

solid-liquid interface were analysed in terms of the thermal gradients G and

solidification rate R, calculated as the projection of laser scanning speed on the

normal to the interface. From Eq. (6.2), the critical morphology factor G/R is

2.4 · 109Ks
m2 , dividing the solid-liquid interface into planar and dendritic groups, is

presented in Fig. 6.11. In both analysed conditions, both solidification rate R and

morphology factor G/R are highest at the trailing edge of the pool near the

surface. In the case of high energy density input, 1000J/cm2, the maximum

solidification rate is 2.2 mm/s, which is close to the scanning speed of the laser (2.5

mm/s) due to a nearly vertical solid-liquid interface at the trailing edge. Minimum

morphology factor of 3.7 · 109Ks
m2 (Fig. 6.11a-b) is higher than the critical value,

and therefore no transition to dendritic solidification is present (Fig. 6.8a). The

melt pool becomes elongated when the scanning speed is increased. In the case of

the energy density of 100J/cm2
, the maximum solidification rate is 10.4 mm/s,
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more than twice smaller than the corresponding laser scanning speed of 25 mm/s

(Fig. 6.11c). The minimum morphology factor at the interface of 3.7 · 108Ks
m2 is

smaller than the critical value of planar-dendritic transition, and the division line

is shown in Fig. 6.11d. The interface, separated into planar and dendritic grains in

Fig. 6.11f, suggests that the interface is perturbed in a nonlinear manner (also

seen in the loss of interface stability line in Fig. 6.11d). Effectively, the crystals

close to the surface begin exhibiting dendritic growth sooner than the underlying

crystals and resulting in a higher rate of interface advance. This explains the

occurrence of the top surface “sealed” by the elongated grains (Fig. 6.10c).

Figure 6.11: Predicted solidification rate and morphology factor for scanning
speeds (a-b) 2.5 mm/s and (c-d) 25mm/s; (e-f) stability of solid-liquid interface.

Colorbars of morphology rates are shared for (a-b) and (b-c).

Predicted grain geometry and orientation with its average misorientation from the

Z axis are shown in Fig. 6.12. In the different sections shown in Fig. 6.12a mostly

vertical growth behaviour is recognised. Mostly low misorientation angle is the result

of the initial orientation of thermally sprayed coating, and no grain competition is

detected. This matches well with the results of Han for pure metals [117] where

planar solidification was assumed.
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In the condition of higher solidification rates, the growth type changes drastically

due to the presence of dendritic growth. The transversal cross-cuts, presented in

Fig. 6.12b, suggest that initially planar growth at the solid-liquid boundary results

in grain growth perpendicular to the solid-liquid interface. Grains with dendritic

morphology, illustrated in a different colour scale, become elongated at the top

surface. Growth of the crystal underneath the dendritic grain is suppressed due

to the presence of a solid at the surface. While no evidence of such solidification

behaviour was found in the literature, the modelled grain boundaries match well

with our experimental results (Fig. 6.10c and Fig. 6.8c).

Figure 6.12: Grain evolution for (a) high energy density case (1000 J/cm2) and
(b) moderate energy density case (100 J/cm2)

To validate the model, longitudinal cross-sectional cuts near the centre of the track

were subjected to EBSD analysis. An obvious grain bending near the top surface

is present, and the inclination of crystals is shown in Fig. 6.13b. The experimental
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average inclination angle of the solidified track is 24o, which is close to that obtained

by the model (20o, measured by bisecting the grains in both cases). The inclination

of the grains is governed by the angle between the trailing edge of the melt pool and

the heat source direction. The simulated melt pool, previously shown in Fig. 6.7, has

a nearly linear trailing edge with an inclination angle of 21o, as measured from the

perpendicular axis. An obvious grain bending is present at the 50 µm thick surface

layer (Fig. 6.13b) and was effectively captured by the proposed spherical growth

algorithm (Fig. 6.13a). This effect is attributed to the change of the trailing edge

from linear to semi-spherical (Fig. 6.7). The changing geometry of the solid-liquid

interface affects the local solidification rate, i.e., grains closer to the surface are more

aligned with the solidification direction and can propagate further.

Figure 6.13: Grain boundaries and orientation map in longitudinal cross-sections
(a) simulated microstructure; (b) EBSD scan. The corresponding energy density

is 1000 J/cm2.

Similar cross sections for a higher scanning speed (25 mm/s) are presented in Fig.

6.14. Compared to previously shown results with higher energy density input, the

inclination angle has decreased, and new grains are present near the top surface in

the experiment (Fig. 6.14b, indicated as competing grains ) and can be predicted
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by the proposed model (Fig. 6.14a). Since this is the region of dendritic

solidification, the formation of this grain morphology can be attributed to the

orientation-dependent growth near the top surface.

Figure 6.14: Grain boundaries and orientation map in longitudinal cross-sections
(a) simulated microstructure; (b) EBSD scan. The corresponding energy density

is 100 J/cm2.

6.6 Summary

In this chapter, the grain formation mechanism in the laser glazing of YSZ has

been studied. Various grain morphologies were observed in the laser-melted

zirconia, including planar, cellular, and dendritic morphologies. It has been

observed that the dendritic growth of laser-melted YSZ significantly affects the

resultant microstructure and is responsible for grain surface sealing, reported for

the first time. The grain inclination in the whole volume of solidified material was

also found, and crystal bending was observed at the surficial layer when the

crystals grow with a planar interface. To understand the grain formation

mechanism a combined model enabling resolving diffusion-limited agglomeration,

i.e., dendritic growth, and interface limited agglomeration, or planar growth is

developed based on the Cellular Automata approach. The physical-based 3D
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Cellular Automata-Finite Element model can resolve dendritic and planar growth

phenomena simultaneously, allowing predictions of the grain structure

characteristics. The main conclusion can be summarised as follows:

1. Fluid flow affects the shape of the melt pool. For accurate microstructure

predictions, it is important to consider the liquid flow. Convection within the

pool took up to 26% of the total heat transfer and affected the trailing edge

of the melt pool most significantly. The influence of the fluid flow on the heat

transfer decreases with increasing scanning speed.

2. Two coexisting solidification behaviours of laser-melted YSZ were observed,

namely grain bending (crystals with curved grain boundary geometry under

the surface) and grain surface sealing (in-plane surficial crystals cover vertical

columnar grains). The formation mechanism was explained in terms of the

different growth velocities of planar and dendritic interfaces.

3. The proposed multiscale model includes particular characteristics of

orientation-independent growth that were captured by approximating the

growing element as a sphere. To capture the tetragonal nature of the

material, the growing element used in the decentered octahedron algorithms

for FCC and BCC crystals was changed with consideration of corresponding

crystallographic lattice constants. The modelling results were in good

agreement with the experiments.

4. A novel combined cellular automata method is proposed, capturing specific

aspects of planar and dendritic interfaces. By considering planar growth,

resulting in curved grain geometry, and dendritic development, the model can

expand the use of CA models and become a better physical representation of

laser melting.
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Chapter 7

Exploring new methods for local

coating deposition

Recast layer, typically considered a negative side effect of laser machining, was

found to form structures, which is presented in the current chapter. During the

work on laser melting, described in the previous chapters, several experiments with

controlled temperature gradients were performed. The initial aim of such

experiments was to reduce the microcrack width in after laser melting, which

commonly occurs in ceramic materials after solidification without thermal

conditioning. The initial goal, diminish the solidification microcracks completely,

the cracks after laser melting is in fact favourable, as it increases the

thermomechanical compliance of the coating.

Careful examination of the results has shown that it is possible to deposit material

arranged similarly to EB-PVD grown columns while being under atmospheric

pressure. Very little scientific and industrial attention has been paid to the

possibility of laser deposition in ambient conditions. To close this gap, two

experimental setups for atmospheric pressure deposition were developed. The

experimental results and formation mechanisms are presented and discussed in

detail, as well as recommendations for further studies.
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7.1 Introduction

Material deposition methods present a significant interest in industrial application,

in particular to thermal barrier coatings of aerospace turbine engines. As it

happens with engineering methods, deposition techniques present trade-off

between coating resistance to the engine environment and its deposition costs. For

example, air-plasma spraying technique is a cost-effective solution that has high

deposition rates has generally worse performance than the slow vacuum-based

processes such as EB-PVD. Nevertheless, there exist many deposition technologies

having their benefits in particular aspect, and coating deposition technologies

undergo extensive research. One of the most recent developments in deposition

process is solution precursor plasma spray (SPS) and suspension plasma

spray(SPPS), overcoming the limitation on the particle size for conventional APS

process of 10-100 µm [142]. The latter allows to create new microstructures

somewhat similar to vacuum-based techniques that cannot be deposited with APS

process, which results in superior properties of the coating.

At the same time, both APS and SPS/SPPS processes are difficult to reproduce

during on-wing maintenance due to miniaturisation challenges. However,

combustion flame spraying, a simpler and older technique for coating deposition,

can be used for coating application in-situ [273, 78]. Simpler design and lower

temperatures of the propellant allowed to decrease the size of the spray gun and

decrease the stand-off distance. However, CFS-based coating may experience worse

mechanical interlocking and higher amount of unmolten particles.

Arguably, the biggest challenge of on-wing coating application is the confined space

where deposition takes place. In this regard, lasers are perhaps one of the easiest

to miniaturise energy sources, that are able to vaporise the material. However,

very little attention was paid to the laser deposition of materials in atmospheric

pressure conditions. To the best of author’s knowledge, there is just a single

work on atmospheric TBC deposition with a laser tool, performed by Ouyang et

al. [231]. The authors used a microwave plasma generator as a propellant and

green pulsed laser as a YSZ heating tool, achieving encouraging results for patch
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repair with sub-micron width columns. Their solution due to the presence of plasma

generator, their solution is difficult to miniaturise and challenging for in-situ coating

application.

Although there are already dozens of material deposition techniques, very few studies

have been dedicated to laser deposition in atmospheric pressure. To close this

gap, this chapter aims to explore the possibilities of coating application via a laser

source under atmospheric ambient conditions. A laser-based coating application is

potentially easier to miniaturise and requires smaller stand-off distances than APS

and SPS/SPPS, and may become a mature technology for coating deposition one

day.

In this chapter, the exploratory results of utilisation of the laser beam will be

presented, covering substrate-to-substrate TBC redeposition for microstructure

modification, Liquid Droplet Laser Deposition method that can be used for

production of splat-like coatings, and Atmospheric Vapour Laser Deposition

(AVLD) method that can be used for manufacturing of the coating consisting of

interconnected nanospheres. This will be supported with high-speed imaging of the

laser target interaction and proposed coating deposition mechanisms.

7.1.1 Initial experiments: spiral path and crack suppression

in laser melting

As a part of the laser-melting work, described in the previous chapters, an attempt

to control solidification cracks was undertaken. Based on the idea of reducing the

thermal gradient and slow heating and cooling, topcoat was melted with a spiral

path. While such method creates lower thermal gradients, it can also create a vapour

plume in the proximity of the substrate that has already been already hit by the

laser and accumulated some energy. To our surprise, this has created columnar

microstructure very similar to that of EB-PVD coatings, and did not require high

vacuum, electron gun, or anything except for the laser. In this subsection, such

initial experiment will be described in detail.
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For the initial trials, a classical Archimedean spiral was chosen, which in polar

coordinates (r, θ) can be written as follows:

r = a+ bθ (7.1)

After transformation to Cartesian coordinates, the equations describing the spiral

is:
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Where R is the maximum radius of the spiral, n is the number of passes, vmax is

the maximum scanning speed of the laser, and vtravel is the transverse speed of the

laser or stage, t is time, and mod is the modulo operator. The solution of the above

equation would result is presented graphically in Fig. 7.1. By controlling these

4 parameters, one can control the temperature distribution within the workpiece,

expanding the possibilities of laser scanning from a simple straight line.
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Figure 7.1: An example of the spiral path and corresponding kinematic
conditions. (a) XY spiral path; time evolution of: (b) velocity magnitude, (c)

X coordinate; (d) Y coordinate; (e) X velocity; (f) Y velocity.

In order to see the response of the material on the heating path, a mathematical

solution of a set of equations must be found. For the computational efficiency of the

preliminary study, non-linear phenomena such as fluid motion, phase change, and

temperature-dependent material properties, were neglected. This allowed to use of

the analytical solution of the heat equation using Green’s functions, which can be

written as follows:

T (x, y, z, t) =
2α

k
q0

∫ t

τ=0

1

(4πα(t− τ))
3
2

exp (−(x− xspot(τ))2 + (y − yspot(τ))2

r2 + 4α(t− τ)
)·

exp(− z2

4α(t− τ)
)dτ

(7.4)

By substituting the evolution of X and Y coordinates into the Eq. 7.4, one can obtain
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the temperature field at any given time. Results with pre-optimised parameters are

shown in Fig. 7.2 and 7.3.

Figure 7.2: Slice of the temperature field in XZ direction with the standard line
path, scanning speed vtravel = 1.6 mm/s. (a) Temperature field, (b) temperature
gradient in X direction (horizontal); (c) temperature gradient in Z direction

(vertical).

Figure 7.3: Slice of the temperature field in XZ direction with the spiral path
with the following parameters: R = 1 mm, n = 100, vmax= 1000 mm/s, and
vtravel = 0.01mm/s.(a) Temperature field, (b) temperature gradient in X direction

(horizontal); (c) temperature gradient in Z direction (vertical).

for comparison, the simple line scan, presented in Fig. 7.2 results in ∇Tx and ∇Tz
is 22600 K/mm and 8100 K/mm, respectively. At the same time, the presented

spiral path creates ∇Tx and ∇Tz od 9300 K/mm and 7400 K/mm, respectively.

One can assume that by minimising thermal gradient in the workpiece it would

be possible to minimise thermal damage, i.e. microcracking, of the workpiece. A
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possible approach to find the optimal conditions is to minimise the sum of the cost

functions c1, c2 , and c3:

c1 = Ti=N
2
,j=M

2
− Tmeltc2 =

N∑
i=1

(
Ti,j − Ti−1,j

∆x
) · 1

N
c3 =

M∑
i=1

(
Ti,j − Ti,j−1

∆z
) · 1

M
(7.5)

where N , M are the number of points in X and Z directions, respectively, Ti,j is the

temperature at X and Z, ∆x and ∆z are the spatial steps in X and Z directions.

The c1 is responsible for the melting of the workpiece, c2 and c3 is the sum of thermal

gradients along X and Z coordinates. The cost functions can be calculated at the

moment t when the laser is in the end of the spiral path with the period ∆t:

t = (2 · k + 1) · ∆t, k ⊂ N (7.6)

Such cost function experiences multiple local extrema, and different methods to find

the global minima must be used. In the studies, a more sophisticated approach can

be used.

Line scan and spiral scans were performed and presented in 7.4. The experiments

were carried out with the SPI G3 nanosecond pulsed laser with a beam size of

0.6 mm and average power of 18.2W. 8wt%YSZ coating was deposited with the

thickness of 350 µm onto the 110 µm layer of bondcoat (Co-32Ni-21Cr-8Al-0.5Y).

Both coatings were deposited via the APS method onto 50 x 25 x 3 mm3 Ni-based

superalloy substrate (Nimonic C263).
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Figure 7.4: microstructure comparison of (a) line scan, v=5mm/s and (b) spiral
scan with R = 1 mm, n = 100, vmax= 1000 mm/s, and vtravel = 0.01 mm/s..
SPI G3 nanosecond pulsed laser with a beam size of 0.6 mm, the average output

power is 18.2W.

As it can be seen from the figures, without optimisation of the cost function the

microcracks are still present in the topcoat. However, in contrast with the line scan

conditions, the microcrack propagation direction becomes horizontal, in contrast

with nearly vertical microcracks achieved via a spiral path.

Then, the spiral path was performed without shifting the spiral over the workpiece,

i.e. vtravel = 0 mm/s. The observations, presented in Fig. 7.5 a, reveal no

microcracks under optical microscopy. Further observations via electron microscopy

reveal very few solidification microcracks (Fig. 7.5 b).

Figure 7.5: Optical and electron microscopy of spiral laser scans. (a) Bright field
optical image, (b) SEM image. Performed with R = 1 mm, n = 3, vmax= 1000
mm/s, and vtravel = 0 mm/s, repeated 20 times for homogenous heating of the

workpiece. SPI G3 nanosecond laser, laser spot size d=0.4mm

Interestingly, a rather unusual microstructure was formed on the sides of the molten

crater, denoted as ”Region 1” and ”Region 2” in Fig. 7.5. This will be presented in
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detail in the following section, with exploited approaches for material redeposition

onto its own surface.

7.1.2 Substrate-to-substrate TBC re-deposition in

atmospheric pressure

The spiral laser scanning path, used for decreasing thermal stresses and eventually

reducing cracking, created favourable vapour growth conditions at the sides of the

remelted area. Magnified view of Fig. 7.5 ”Region 1” is shown in 7.6. As seen from

the top, the melted region shrunk in size and created a tapered wall. This allowed

revealing the microstructure from the top view. An obvious columnar microstructure

with a column width of 3 to 5 µm and height of 15-20 µm were observed. In Fig. 7.6

a solidified splat, covering the column, is also visible, which can be a consequence

of subsurface boiling and explosive material removal from the pool.

The deposited columns exhibit a feather-like structure with porous internal

microstructure. A similar microstructure has been widely presented in EB-PVD

deposited coatings. ”Self-shadowing” effect is considered responsible for such

porosity in low-pressure plasma spray and EB-PVD coatings [192]. As a

consequence of internal porosity and small column size, the columns are

susceptible to mechanical damage, and multiple broken columns were found, shown

in Fig. 7.6 b.
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Figure 7.6: Vapour-grown YSZ, resolidified on the side of the molten pool
(Region 1 in Fig. 7.5)

. (a) overview of columnar microstructure deposited in atmospheric environment;
(b) high-magnification view of the vapour-grown columns.

In short pulse laser ablation and laser cutting, the affected material is typically

removed in liquid form, e.g. dominant phase explosion in nanosecond ablation [251]

and dominant melt expulsion in case of continuous wave cutting[41]. Such liquid

droplets are then redeposited onto the surface of the sample with a high degree of

oxidation (in the case of metals [284]) and are typically considered to be a negative

side effect of laser processing.

In ultrashort pulse ablation, i.e. picosecond, femtosecond, and shorter pulses, the

material is removed in vapourised state [126], which normally generates a low level

of debris and redeposited material. As it was noted in the literature review, this

mainly depends on the ratio between pulse duration of the laser τp and heat diffusion.
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For low thermal conductivity materials, such as ZrO2 and Y2O3 in particular,

vaporisation can become a dominant removal mechanism.

An explanation of the observed phenomenon is schematically presented in Fig. 7.7.

In Fig. 7.7 a-b, the surface and the central cross-section of the workpiece are

presented, with a spiral laser path heating up, melting, and vaporising the surface.

Such laser heating strategy generates low thermal gradients, i.e. the temperature

drop along a given length l is reduced compared to a simple line scan of a laser.

This, in turn, creates large areas of material with temperatures close to the melting

point. At the centre of the spiral, the effective energy density of laser radiation

is highest, which leads to material vaporisation (Fig. 7.7, b-c). In the magnified

view of the side of the molten pool, presented in Fig. 7.7 c. The incoming laser

radiation vaporises YSZ, and materials lose their molecules of YSZ in form of

vapour. Vapour can partially absorb the incoming laser radiation, which may lead

to molecule dissociation into ZrO2 and Y2O3. This, at high laser power density,

may dissociate into subsequent atoms, and later into ions and electrons, generating

a plasma plume. After losing the energy on collisions, the opposite process of

association takes place, creating again atoms and molecules, combining into clusters

of molecules. Here, if the travel distance is short enough, the molecules and clusters

of molecules would reach the surface of the workpiece with sufficient energy to get

adhered to the surface. The oncoming atoms would generate internal porosity due

to the well-studied shadowing effect [335]. The column width is controlled by the

initial stage of material deposition, i.e. island nucleation.
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Figure 7.7: Schematic illustration of deposition process achieved via spiral path.
(a) top view and the spiral trajectory of the laser beam; (b) cross-sectional view;
(c) magnified view of the red box depicted in (b) illustrating the formation of the

columnar microstructure. I denotes a column.

To the best of the author’s knowledge, such structures have never been reported in

the literature. A possible explanation for the formation of such patterns in

atmospheric pressure, and why such microstructure has not been observed in the

recast layer, is due to the two reasons:

(i) Short distance between vapour and receiving surface. This is the direct

consequence of material redeposition onto itself. The mean free path λ, calculated

as 1/(πd2nv), is a measure of volume scarcity, i.e. how long can an object travel

without colliding with another object. In atmospheric conditions, it is less than

just 60 nm for a ZrO2 molecule. Essentially, this means that nearly direct contact

of vapour with the substrate is necessary for creating ”true” deposition from

vapour. More collisions will lead to further cooling of the substance and the

generation of larger clusters, which eventually condense into droplets of liquid.

(ii) Substrate temperature at the deposition zone is close to the melting point of the
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deposited material. This is a direct consequence of low thermal gradients at the

workpiece material, which does not often occur in laser processing. This allowed

for high mobility of adatoms at the receiving surface and the formation of patterns

typical for vapour deposition with substrate preheating.

Although no studies on material adhesion and general mechanical properties have

been carried out, it should be noted that some of the columns were found broken

(Fig. 7.6 b). Besides, adhesion of such structure also presents general interest,

however, was out of the scope of this study.

In a set of similar experiments with a spiral laser scanning path, the unusual

microstructure was found at a higher number of ”circles”, denoted as n. This

effectively changes the amount of energy deposited per unit area, creates more

aggressive material removal and was expected to generate larger structures. The

results of this investigation are presented in Fig. 7.8 and 7.9, and show resemblance

with the structure of corals.

u

Figure 7.8: SEM images of spiral laser scans performed with R = 1 mm, n =
100, vmax= 1000 mm/s, and vtravel = 0 mm/s, repeated 20 times for homogenous
heating of the workpiece. SPI G3 nanosecond laser, laser spot size d=0.4mm. (a)
low magnification; (b) magnified view of (a); (c) magnified view of (b) with the

coral-like structure of the material.
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It was assumed that this microstructure with separated columns was formed

similarly to what was discussed above. However, due to the high energy density,

the top surface of the columns has been melted and evaporated by subsequent

spirals with high density.

Figure 7.9: magnified view of the coral-like structure of YSZ depicted as I in 7.8

In order to investigate such redeposition as a microstructure modification technique

in a continuous manner, the spiral path was modified in one dimension, such as:

x = vtravel · t (7.7)
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In the scenario presented in Fig. 7.10 and 7.11, it should be noted that translational

speed vtravel was purposely set to low values (0.5 mm/s) in order to create high

line overlapping and let the vapour plume remain longer at one spot. As a direct

consequence of the high overlapping, this resulted in the deep removal of the topcoat

(7.10 b).
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Figure 7.10: Microscope observations of spiral laser scans. (a) Top surface of
the laser-affected surface of APS TBC with a 1D spiral path; (b)Cross-sectional
micrograph showing material removal and melted layer. Laser parameters: R = 2
mm, n = 200, vmax= 1000 mm/s, and vtravel = 0.5 mm/s, SPI nanosecond laser.

High overlapping created conditions favourable for highly directional material

deposition. Here, a highly porous, ”feather”-like microstructure of the columns

was found, as presented in 7.11. Such microstructure of the coating, due to its high

internal porosity, can potentially create a coating with low thermal conductivity

and better thermomechanical compliance.
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Figure 7.11: Top surface SEM observation of YSZ after 1D spiral laser pass, as
shown in 7.10. (a) X630, (b) x6500, (c)x1800, (d)x3300

This section summarised experimental findings in substrate-to-substrate material

redeposition. Unique columnar, feather-like, and coral-like microstructures were

observed and presented above, which can be developed into surface microstructure

modification techniques, restructuring dense, splat-like, or any other

microstructure. Future studies may include a deeper characterisation of the coating

crystal morphology, density, microstructure, and formation. Presented findings

showed the very possibility of redeposited TBC with a certain and repeatable

geometry and, possibly, can be developed into a favourable microstructure.

7.1.3 High-speed imaging of laser-substrate interaction

To understand more about the physical phenomena governing structure

modification, a high-speed imaging technique was employed. it should be noted
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that the available frame rate did not allow to reveal shock wave formation or to

distinguish between different separate pulses, instead, this investigation was

mainly focused on mass transfer.

In Fig. 7.12, a series of high-speed images is presented. It can be seen that a

highly emissive region is present once the initial pulse hits the workpiece, caused

by the formation of plasma and its further recombination into vapour. After 40

µs, the vapour plume disappeared and only several droplets can be distinguished.

Similarly, after 80 µs from the initial irradiation, several droplets can be seen with a

sign of vapour plume with decreased emittance. After 5 seconds and on of workpiece

heating, no plasma/vapour formation was found, however, the amount of liquid

ejecta increased significantly. After 15 seconds of laser irradiation, there have been

no signs of vapour or droplets formation, with a heated region of the TBC.

Figure 7.12: High-speed imaging of laser ablation of APS-sprayed 8wt%YSZ
coating. Frame rate 25300 frames/s, exposure time 10 µs. Time from the pulse
denotes the time passed from a pivoting pulse at the beginning (initial pulses row),
after 5 and 15 seconds of laser irradiation. SPI G3 laser, average laser power 18.2W,

laser spot size 50.5 µm, pulse repetition frequency 35kHz. Static irradiation.

Previously presented fine microstructure (Fig.7.10 and Fig. 7.11) suggests that the
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microstructure was deposited from vapour phase. At the same time, with static

irradiation, the vapour forms only at the irradiation of several initial pulses (Fig.

7.12). Later, the vapour/plasma does not appear abundantly. Instead, a liquid melt

pool of TBC is formed which, under incoming laser radiation, leads to subsurface

boiling and melt explosion, ejecting material in the liquid phase. Further irradiation

does not remove any material, likely due to its absence in the irradiation zone.

Although the laser-material interaction has a probabilistic nature, especially in the

case of heterogeneous coating with multiple scattering planes, defects, microcracks,

pores, changing optical properties, etc., it should also be noted that the time between

separate laser pulses is 29 µs, the exposure time is 10 µs, and the time between

2 frames is 40 µs. Therefore, there is a possibility that the pulse hit between

2 consecutive frames, forming a vapour/plasma plume, which has had a longer.

To understand this further, either a higher frame rate camera is needed. Instead,

a longer exposure time was used in the next experiment, capturing the temporal

evolution of the laser-workpiece interaction.

Trying to capture most of the ablation vapour plume, the shutter time was minimised

such as the exposure time was 45µs, and the time between the frames was 56 µs. Such

results are presented in Fig. 7.13, depicting thermal processes within the plume. At

the initial frame, a bright plasma plume is formed (red arrow, Fig. 7.13, a), which

later cools down and has 2 distinctive areas with high emittance (red arrow, Fig.

7.13, b) and lower emittance (yellow arrow, Fig. 7.13, b) regions. The plume can be

also seen after 112 µs and 168 µs of irradiation (Fig. 7.13, c and d). The density of

liquid ejecta gradually increases and reaches its maximum after 68 and 224µs, and

neither vapour nor liquid droplets were found after 280 µs irradiation.
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Figure 7.13: High-speed imaging of laser ablation of APS-sprayed 8wt%YSZ
coating. Frame rate 17860 frames/s (56 µs frame-to-frame time), exposure time
45 µs. Time from the pulse denotes the time passed from a pivoting initial pulse.
SPI G3 laser, average laser power 18.2W, laser spot size 50.5 µm, pulse repetition

frequency 35kHz. Static irradiation.

These findings support previously discussed findings. Vapour plume and liquid

ejecta tend to decrease with time, as the system approaches thermodynamic

equilibrium. In conclusion, to form a vapour plume is essential to hit a new area of

the workpiece in order to continuously create vapourised material, and cannot be

achieved with static irradiation.

An interesting observation was documented when examining the behaviour of

picosecond irradiation, presented in Fig. 7.14. Initially, the laser pulse formed a

liquid droplet (Fig. 7.14, a) which rose up due to increased pressure at the

substrate surface. Consequent laser pulse vaporised more material underneath(Fig.

7.14, b), and, unexpectedly, the next pulse hit the liquid droplet (Fig. 7.14, c), and

generated a spray of finer droplets. A somewhat similar method, although more

predictable and repeatable, is employed for generating extreme ultraviolet (EUV)

light, where a CO2 laser creates small droplets of tin which are then heated by a
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secondary laser, eventually emitting high-energy photons [213].

Figure 7.14: High-speed imaging of laser ablation of APS-sprayed 8wt%YSZ
coating with a picosecond laser irradiation. Frame rate 6500 frames/s (154 µs
frame-to-frame time), exposure time 140 µs. Time from the pulse denotes the
time passed from a pivoting initial pulse. EKSPLA 1064, average laser power
3.5W, laser spot size 35 µm, pulse repetition frequency 4kHz. Static irradiation

7.2 Experimental methods

Aside from the general equipment used in other investigations discussed in the

Methodology chapter, here specific information regarding the development of the

deposition rig is presented.
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7.2.1 Substrate and target materials

Stainless steel 304L was used as the substrate material in all the tests. Although the

ideal material for the tests would be a nickel superalloy, such as Nimonic C263 or

Inconel 718, stainless steel was used due to its price and availability. It was assumed

a reasonable assumption since the primary interest of the study is microstructure

formation rather than the processes at the interface between substrate and coating.

However, it should be noted that in comparison with Nimonic C263, stainless steel

304L is more prone to high-temperature oxidation and has a lower coefficient of

thermal expansion than that of Nimonic C263 (17.3 · 10−7 [249] and 11.0 · 10−7 [96]

at 100°C, correspondingly), which can result in higher thermal expansion mismatch

with YSZ (8.5 · 10−7 at 100°C [257]). For reference purposes, the composition of

304L steel is presented in the table 7.1.

El. Fe Cr Ni Mn Mo Si S C P Cu Co N V

wt.% 69.9 17.7 7.9 1.75 0.32 0.015 0.006 0.025 0.03 0.84 0.17 0.07 0.1

Table 7.1: Elemental composition (wt%) of AISI 304L stainless steel used as
substrates in the deposition experiment [234]

Stainless steel plates 0.8mm thick were cut to size via abrasive waterjet, cleaned

in methanol in an ultrasonic bath and rinsed with deionised water. To activate

the surface prior to deposition, substrates were immersed in acetone for 5 minutes,

then in isopropanol for 2 minutes, and rinsed with distilled water to remove all the

residue.

The target material, i.e. the donor sample for deposition, was chosen to be close to

that of 8wt%YSZ topcoats. Although targets for EB-PVD deposition and powders

for thermal spraying are available with the composition matching state-of-the-art

topcoats with 8wt%YSZ, the geometrical shape and size are dictated by the

state-of-the-art setup. Due to a certain experimental setup configuration, these

geometries, typically thick disks with diameters ranging from 50 to 250 mm, could

not be used in the setup. On the other hand, it is possible to sinter the powders

used for thermal spraying to exact size and shape, however, without significant

efforts, this may result in low repeatability of the target microstructure, i.e. its
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porosity, geometrical cylindricity and circularity tolerances. Thermo-optical

properties of the target were of utmost importance, i.e. melting point, thermal

conductivity, coefficient of thermal expansion, laser absorptance, and the choice of

deposition target fell on standardised ZrO2 cylinders widely used as a grinding

media. The composition of used targets (Pingxiang Bastian New Materials) is

presented in table 7.2.

El. ZrO2 Y2O3 Al2O3 Fe2O3 SiO2 TiO2 MgO Na2O3

wt.% 94.7±0.6 4.9±0.5 0.3±0.1 ¡0.01 ¡0.01 ¡0.01 ¡0.01 ¡0.01

Table 7.2: Elemental composition (wt%) of ZrO2 deposition targets.

Although the composition of the target is seemingly similar to that of topcoats,

according to the YSZ phase diagram, the phase content of the targets is not

metastable, non-transformable tetragonal t’. These targets have high hardness and

high fracture toughness and are therefore used as grinding media. The 4.9wt% of

yttria acting as a stabiliser results in a transformable tetragonal phase, where

transformation toughening is the responsible mechanism for crack closure. While

this gives an incredible strength to 4.9wt%YSZ, the use of such in thermal barrier

coatings is limited due to its low-temperature stability, whereas upon heating the

crystal structure of transformable YSZ transforms into monoclinic+cubic phases

under relatively low temperatures, below 500 °C [87, 108]. Since the phase content

of deposited coating was not of primary interest, YSZ targets with different

content of the stabiliser have been used as an available alternative. The influence

of a lower stabiliser content of 4% shifts the phase diagram, however, the difference

in thermo-optical properties were considered negligible for the proof-of-concept

studies.

7.2.2 Deposition rig design

This subsection describes the experimental setups used to produce

target-to-substrate deposition. 2 versions are presented here utilising different

approaches for substrate heating and target movement.
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Deposition rig v1: conductive heating design

First experiments of target-to-substrate deposition were performed with the

apparatus presented in Fig. 7.15. The substrate temperature was controlled via 2

conductive heaters (8786067XX Rauschert, Germany) had been used to preheat

the stainless steel substrate. The substrate temperature in the experiments with

this rig was fixed to 400°C. The target was fixed on a geared DC brushless motor

which was rotating at 2000 RPM. The laser was aimed at the flat surface of the

target, and the angle between the laser and the flat surface of the target was fixed

at 45°. The target-substrate distance plays an important role in the deposition

process and could be adjusted in a wide range. However, due to mechanical

tolerance limitations, the minimum distance achievable with this setup was 0.9mm.

Figure 7.15: First design iteration of deposition rig, utilising conduction heating
and wide range of target-substrate distances.

Deposition rig v2: radiative heating design

In the first design iteration, poor repeatability resulted in inconsistent experiments

and was addressed via a fine and independent positioning of the substrate and

target. To achieve predictable heating of the substrate and simpler sample loading

and unloading, radiative heating approach was prefered to conduction heating. For
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this, an infrared bulb (Osram HLX 64635) with a gold-coated focusing reflector was

used which can focus the beam in a spot of approximately 5 mm.

The second design iteration of the rig addressed some of the issues of the previous

rig, aiming to achieve more precise control of target-substrate distance and higher

temperatures of the substrate. The design of the rig is presented in Fig. 7.16.

Figure 7.16: Final deposition rig setup utilising radiation heating and narrow
of target-substrate distance range with fine control. (a) Equipment during the
substrate heating; (b) apparatus after the experiment with deposited coating.

The front surface temperature was calibrated with a K-type thermocouple, presented

in Fig.7.17. Each point of the calibration curve, shown in Fig.7.17 b, was taken

after 5 minutes of heating when the system achieved thermal equilibrium with the

environment. It was possible to achieve temperatures as high as 860 °C with this

method. The substrate temperature in the experiments with this rig was fixed to

500°C unless mentioned otherwise.
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Figure 7.17: Calibration process of the heating equipment. (a) photograph of
the heated substrate with a thermocouple. (b) the front surface temperature of a

0.8mm thick sample after thermal equilibrium.

7.3 Results and Discussion

7.3.1 Initial deposition results (Deposition rig v1)

Two distinguished experiments will be described in the current subsection,

achieved with the first design of the rig. Although the setup suffered issues with

the repeatability of the parameters, the results generally presented a substrate

coated with splat-like deposits. The presented results were achieved with the SPI

G3 nanosecond pulsed laser with a laser spot size of 0.2mm, average power at the

target of 18.2 W, and pulse repetition frequency of 35kHz.

Droplet deposition

A typical and repeatable example of the target-to-substrate deposition experiments

is presented in Fig. 7.18. The surface of the stainless steel substrate after rolling is

shown in Fig. 7.18, with pronounced long valleys and pits, and an optically reflective

surface. After deposition, the surface was covered with solidified liquid splats close

to spherical in shape, illustrated in Fig. 7.18, b.

Typical droplet size was 1 to 6 µm. In contrast with APS coatings, the liquid droplets

did exhibit high deformation and remained semi-spherical. The reason behind this

is the low velocity of the droplets once the substrate surface is reached. The main
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source of acceleration for the droplets is recoil pressure formed by the laser heating

and vaporisation of the target.

Figure 7.18: Substrate surface (a) before and (b) after the deposition experiment
with SPI G3 nanosecond laser.

Whisker formation

Another experiment that took place happened accidentally and could not be

repeated, however, still presented. In the simplistic rig design, the YSZ target was

coupled to the motor with glue. Upon 10 seconds of irradiation, the target heated

up and expanded enough to break the glue, as shown in Fig. 7.19. Soon afterwards,

as depicted in Fig. 7.19, b, the target fell to the side and continued rotating the

side, driven by recoil pressure. In this case, the target-substrate distance decreased

significantly, therefore laser-generated YSZ vapour was closer to the substrate.
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Figure 7.19: Experimental deposition rig v.1 in action. (a) Normal operation
with the substrate with visible laser spot and ablation plume; (b) Flipped sample

rotating on its cylindrical side.

SEM observations of the deposited mictrostructure are presented in Fig. 7.20. Large

(tens to hundreds of µm) splats of YSZ were noticed, which was a result of prolonged

radiation at a single spot causing an increased size of the melt pool and larger size of

the splats. Interestingly, the splats are covered with elongated whisker-like columns

with a sub-micron diameter, 5-10 µm long. A similar microstructure was reposted

by Ouyang et al. [233]; the authors used a short pulse laser for material ejection and

creating a vapour plume that was deposited on the YSZ surface (partially removed),

and a radio frequency plasma torch for preheating and vapour propelling.
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Figure 7.20: Deposition of sub-micron whisker-like YSZ with SPI G3 laser.

Although investigations of the properties of the samples were out of the scope of

this study, it would be reasonable to assume that the sub-micron diameter

whisker-like microstructure of the YSZ, arguably, may exhibit properties

significantly different from that of a larger column, although of the same

composition[264]. J.E. Gordon [106] found this phenomenon in small glass

cylinders and attributed a significant increase of mechanical properties in smaller

samples to the lower amount of dislocations within the structure. Moreover,

similar microstructures, although of different materials, are often fabricated by

means of wet chemistry and due to the high specific area of the nanowhiskers find

applications in chemical and biological sensors[362].

Many methods have been reported on nanowhiskers deposition techniques, most

often Vapour-Liquid-Solid (VLS) methods, an essential detail allowing for the

whisker to grow is a liquid globule of a different material, which acts as a catalyst

for the chemical reaction, typically studied with gold-silicon droplets on a silicon

substrate [337, 264].

A possible explanation for whisker growth in the presented experiment is as follows.
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Initially, the substrate surface was covered with a layer of YSZ by means of droplet

transfer, depicted in Fig. 7.21, a. Once the target changed its orientation and

rotation, the flux of vapour has increased, and after losing its energy on collisions

with ambient air, condensed into nanometre-scale droplets, shown in Fig. 7.21,

b. With time, the size of the droplets increases by absorption of the neighbouring

vapour particles, eventually meeting the surface (Fig. 7.21, b). The incoming vapour

flux is partially ”absorbed” by the liquid nanodroplet, which eventually becomes

the tip of the whisker, Fig. 7.21, c. Possibly, such droplets may remain liquid and,

considering the impurities of the target material and alloy nature of YSZ, enable

the VLS growth mechanism. Such droplet may remain liquid due to the following

reasons:

1. Incoming heat flux from the vapour adatoms.

2. Impurities of the YSZ. Composition of YSZ used in these studies include some

lower melting point oxides, such as Na2O3 (851°C) and Fe2O3 (1565°C). On such

a small scale, the composition of the nano- droplet may be shifted towards the

impurity and lower the melting point.

3. Size-dependent melting point of materials, or melting-point depression. In

particular, the melting point sharply decreases for particles smaller than 50 nm

and allows for temperature drop in order of several hundreds of degrees [370].

Figure 7.21: Deposition mechanism of whisker-structured YSZ

Further studies of YSZ whiskers, in particular their strength, exact size,

morphology, and composition, although of scientific interest, are out of the scope



Chapter 7. Exploring new methods for local coating deposition 224

of the current study, which aims at investigating the general possible

microstructures in the atmospheric environment.

7.3.2 High-speed imaging of laser-target interaction

In order to understand and control the deposition process, the interaction of the

laser beam and the target is of utmost importance. For deposition from the vapour

phase, it is important to bring the vapour plume as close as possible to the substrate,

thus reducing the number of collisions with the ambient environment. All the lasers

available were studied, and, as can be expected, higher laser power generates a

larger vapour plume. The results presented in the rest of this chapter are performed

with an SPI redPower continuous wave laser with the average output power at the

workpiece of 88W.

High-speed footage of laser-target interaction, presented in Fig. 7.22, shows the

evolution of target response to laser irradiation. At the initial stage, Fig. 7.22, a-b,

the laser is absorbed by the target. First signs of material ejection in form of vapour

or liquid starts after at least 312 µs (Fig. 7.22, c). The laser is tightly focused

onto the target surface and results in a power density of 24.9 MW/cm2 if the beam

elongation at the curved surface is neglected. The such power density was sufficient

for melting of the sample and creating conditions for boiling, eventually ejecting the

liquid droplets from the melt pool as a consequence of the melt pool boiling. This

creates a steady stream of liquid droplets.
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Figure 7.22: High-speed imaging of laser ablation of 4.9wt%YSZ target close
to the focal plane. T Time step between images is 154 µs (frame rate is 6500
frames/s), exposure time 151 ms. Average power 88W, beam waist 30 µm
(increased on a curved surface). Linear velocity at the target surface is 44 mm/s.

Such behaviour of the melt pool will be further employed to demonstrate the

possibilities of splat-like coating deposition, or Liquid Droplet Laser Deposition

(LDLD). In comparison with the state-of-the-art APS process, the laser directly

melts the YSZ target and generates a flow of microdroplets, instead of feeding a

high-temperature plasma for particle melting. In the LDLD approach, acceleration

of the droplets is done purely by the laser process, i.e. by generating high recoil

pressure at the surface.

The velocity of the droplets is stochastic in its nature and will depend on the local

conditions of the melt pool, place of the ejection, local target material parameters,

e.g. laser absorptance and roughness, precipitation content, etc. To measure the

velocity of the droplets, a similar high-speed imaging experiment took place. The

speed was measured as the length of the track after the droplet that travelled this

distance ltrack during the period of camera exposure time texposure, and the highest

speed, calculated as νdroplet = ltrack/texposure, was 39 m/s (see Fig. 7.23).
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Figure 7.23: High-speed imaging of laser ablation of 4.9wt%YSZ target close
to the focal plane. The time step between images is 154 µs (frame rate is
6500 frames/s), exposure time 151 ms. Average power 88W, beam waist 30 µm
(increased on a curved surface). Linear velocity at the target surface is 44 mm/s.

The range of powder velocities in the APS process is typically 150-300 m/s [205,

375]. This is significantly higher than what has been achieved with the presented

method, peaking at 39m/s. In the case of coating application, this may result in

lower particle deformation and consequently lower coating adhesion. However, the

presented results were limited by the apparatus available and should be treated as

a proof-of-concept rather than an industrial solution. This can be solved by, for

instance, adding a separate droplet acceleration, e.g. by means of airflow. Another

possible approach is to create a steady moving melt pool at the surface of the target

via continuous irradiation and use a second pulsed laser aimed at the melt pool, to

generate boiling conditions and high enough recoil pressures, while maintaining the

necessary average power with the first laser.

In order to suppress liquid ejection from the melt pool, the laser power density was

decreased. In Fig. 7.26, where a steady vapour plume is visible (denoted with orange

arrow) with increased laser spot size. The corresponding irradiance is 0.56MW/cm2

0.14MW/cm2 in Fig. 7.26, a and b, respectively. The size of the vapour plume was

1.8mm and 0.9mm and was directed perpendicularly to the target surface. This will

further be used to enable Atmospheric Vapour Laser Deposition (AVLD).
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Figure 7.24: A series of high-speed images laser ablation of 4.9wt%YSZ target
with a laser spot size of 0.2mm. The orange arrow indicates the vapour plume.
The Time step between images is 154 µs (frame rate is 6500 frames/s), exposure
time is 151 ms. Average power 88W. Linear velocity at the target surface is 44

mm/s.

The vapour/plasma plume does not change its size or shape with time, as shown in

a series of images in Fig. 7.24 allowing to generate a predictable plume of energised

particles for their deposition.

Figure 7.25: High-speed imaging of laser ablation of 4.9wt%YSZ target with
defocused beam: (a) laser spot size of 0.2mm and (b) 0.4mm. The orange arrow
indicates the vapour plume. Exposure time 151 ms. Average power 88W. Linear

velocity at the target surface is 44 mm/s.

After prolonged continuous irradiation of the target surface, a molten pool is

generated, as shown in Fig. 7.26. Surprisingly, no splashing was detected even

after continuous irradiation for several seconds.
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Figure 7.26: High-speed imaging of laser ablation of 4.9wt%YSZ target with a
beam size of 0.4mm after prolonged irradiation. The orange arrow indicates the
vapour plume. Exposure time 151 ms. Average power 88W. Linear velocity at the

target surface is 44 mm/s.

However, for the sake of target cooling and its mechanical integrity, continuous

irradiation was separated into pulses of 10ms pulse duration with 90ms of dwelling

time between pulses. This allowed some level of target cooling by convection and

radiation.

Two different concepts for generating a flow of high-temperature particles were

found via high-speed imaging. This was then developed into Liquid Droplet Laser

Deposition (LDLD) and Atmospheric Vapour Laser Deposition (AVLD) techniques,

presented in the following subsections.

7.3.3 Liquid droplet laser deposition (LDLD) method

To take advantage of the droplet formation and acceleration directly from the pool,

the preheated substrate is located directly at the path of the droplet allowing their

solidification at the substrate surface, as shown in Fig. 7.27.
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Figure 7.27: Liquid droplet laser deposition (LDLD) process. (a) schematic view
showing droplet formation; (b) photograph was taken during the experiment.

As it was previously shown in the high-speed footage, the high power density of the

laser can generate conditions necessary for melt removal from the pool, presumably

by boiling YSZ within the pool. A similar phenomenon is often encountered in laser

sputtering, which is considered a thermal side effect of laser ablation.

The reason for such liquid removal from the pool falls into one of the following

categories: phase explosion, also known as ”explosive boiling”, and subsurface

boiling. Melt expulsion by the recoil pressure plays an insignificant role given the

long distances a droplet may travel.

However, the actual removal mechanisms have been a field of scientific debate. Kelly

and Miotello [151] argued about the physical existence of the ”subsurface heating”

phenomenon.

Generally, phase explosion is attributed to high fluence and short pulse irradiation.

As proposed by Martynyuk in the early works on explosive boiling [203], boiling

cannot occur at short and ultrashort pulse irradiation since the timescale does

not allow for heterogeneous nucleation of bubbles. Thus, the liquid approaches

the critical thermodynamic temperature and homogenous nuclei form resulting in

explosive relaxation of the surface into a mixture of vapour and equilibrium liquid
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droplets.

Subsurface heating, an alternative explosion mechanism, initially proposed by Dabby

and Paek [56]. The authors assumed that upon high-intensity laser irradiation,

subsurface temperatures exceed that of the surface temperature by up to 3000K; as

a result, the material is removed in an explosive manner.

According to Kelly and Miotello [151], this phenomenon was considered wrong for

two reasons: i original authors neglected vaporisation without reasonable

justification, which lead to exaggerated results; (ii) original model of Dabby and

Paek used the Dirichlet boundary conditions at the surface, and fixed surface

temperature to melting and vaporisation temperatures in different works. Kelly et

al. argued that this case is valid only for the case of very slow heating (normal

boiling, when this boundary condition is not fixed), or for very fast boiling, i.e.

explosive boiling when the temperature approaches critical temperature. The

corrected model of Kelly and Miotello shows that the subsurface temperature

exceeds the surface temperature only by a few degrees.

Nonetheless, in the case of YSZ melting, the subsurface heating mechanism is

proposed to be responsible for material ejection. While the assumptions of Kelly et

al. are reasonable, both considerations, whether critical decomposition or subsurface

heating, lack a crucial property of zirconia-based ceramics: its low absorptance

coefficient in its fully dense state for infrared radiation. In contrast with TBCs,

fully dense YSZ does not have an abundance of internal defects, i.e. microcracks

and pores, and the absorption by inelastic scattering is limited.

At 1µm wavelength, the absorptance of dense cubic YSZ is only 300 1/cm [178],

and according to Beer-Lambert law, the laser irradiance decreases e times after

passing 33 µm into the material, and (1−e) portion of the beam will still propagate

further. At the same time, the surface of the target exhibit cooling by convection

and radiation. At the same time, the incoming radiation penetrates through the

ceramic and heats it up from the inside. Besides, the duration of the process is

far from short and ultrashort pulse ablation, and the surface has sufficient time for

homogenous bubble nucleation.
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The deposited droplets at the substrate are presented in Fig. 7.28. Solidified droplets

of different shapes were found at the surface, such as flat and round splats(Fig. 7.28,

a), flat splats with raptured border (Fig. 7.28, b-c), nearly spherical splats that did

not have sufficient kinetic energy at the substrate surface (flat and round splats(Fig.

7.28, d, f). The size of the splats was generally in a wide range between 4 and 50

mum (7.28, e-f).

In thermal spraying, substrate preheating is considered the parameter responsible

for the splat shape [180]. Besides, the jetting dynamics also depend on the velocity

of the splat at the moment of impact, its size, and its temperature at the moment of

impact. The variation of these parameters in the droplets leads to different shapes

of the splats.

Figure 7.28: Various splat shapes achieved with LDLD method. Average power
88W, beam waist 30 µm. Linear velocity at the target surface is 44 mm/s, and

target-substrate distance is 5mm.

EDS analysis, presented in Fig.7.29 confirms that the splat have zirconium in their

composition.
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Figure 7.29: BSE image and corresponding Fe and Zr elemental map of the
substrate after LDLD process. Average power 88W, beam waist 30 µm. Linear
velocity at the target surface is 44 mm/s, and target-substrate distance is 5mm.

Although the surface of the splats presented above is nearly always smooth, some

examples previously shown in Fig. 7.28, c, and Fig. 7.30 reveal the loss of planar

stability of solid-liquid interface during splat solidification; cooling rates as high as

108K/s can be expected [28]. According to the study of Liu et al. [190], a stable

planar interface is typical for high cooling rates due to complete solute trapping. At

relatively low thermal gradients, cellular solidification was observed.

This is the opposite with the interface stability findings discussed in the previous

chapter, where an increase in cooling rate GR (interface velocity R in particular)

resulted in the loss of interface stability; in laser melting of YSZ the interface

velocities R were relatively low, therefore resulting in low cooling rates G · R.

Besides, such patterns are generally present on large and thick splats, i.e. far from

the interface with metal, which reduces the heat flow to the metallic substrate and

generates lower cooling rates.



Chapter 7. Exploring new methods for local coating deposition 233

Figure 7.30: BSE images showing cellular solidification of YSZ splays. Average
laser power 88W, beam waist 30 µm. Linear velocity at the target surface is 44

mm/s, and target-substrate distance is 5mm.

After a prolonged experiment, it is possible to achieve good coverage of the surface.

A side of the sample is shown in Fig. 7.31, where the sample underwent 60 seconds

of LDLD deposition. Although the majority of the splats have flattened and the

amount of spherical splats is insignificant, a shadow exists under the substrate in

Fig. 7.31 a, which is a sign of coating delamination. Although adhesion tests

have not been carried out in the current study, the adhesion of the initial layer to

the substrate may be limited. This is in part due to the low speed of the ejected

droplets. There is another possible reason for coating delamination: mismatch of

coefficient of thermal expansion between 4.9wt%YSZ and stainless steel coating, and

the delamination could start during the cooling phase.
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Figure 7.31: BSE image and corresponding EDS map showing sample coverage
with the coating at the side of the coating. Average laser power 88W, beam waist
30 µm. Linear velocity at the target surface is 44 mm/s, target-substrate distance

is 5mm, and laser irradiation time is 120 seconds.

A general overview of the coating achievable with such a method is shown in Fig.

7.32. All the surface is covered with generally small splats. A large number of

spherical particles (note large spherical droplets with signs of dendritic

solidification in Fig. 7.32, b) signalising some amount of low-velocity droplets.

Porosity is particularly evident in Fig. 7.32, c. High magnification BS image,

shown in Fig. 7.32, d, reveals the short (¡5 µm) microcracks within the splats

formed as a consequence of stress relaxation during cooling.
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Figure 7.32: BSE images showing the surface topology and coating coverage at
different magnifications and instances. (a) 522x; (b) 1000x; (c) 500x ; (d) 3066x.
Average laser power 88W, beam waist 30 µm. Linear velocity at the target surface
is 44 mm/s, target-substrate distance is 5mm, and laser irradiation time is 120

seconds.

A comparison of YSZ deposited via state-of-the-art APS method and proposed

LDLD under the same magnification is shown in 7.32. Typical defects of APS coating

are present in LDLD coating as well, such as pores and microcracks; the unmolten

spherical globules present in APS coating cannot exist in LDLD coating since all

the deposited material undergoes phase transformation, however, the droplets with

low deformation present a very similar defect.
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Figure 7.33: BSE images showing surface topology and typical defects present
in (a) LDLD coating; (b) APS coating. 500x magnification.

The main issue with the LDLD manufactured coatings is their inconsistent velocity

and the particle distribution which potentially may be tailored with appropriate laser

apparatus. Previously, the subsurface heating model was discussed and proposed as

a response mechanism for material removal from the liquid pool. This results in the

formation of a relatively large melt pool and explosion from its whole volume. The

process may benefit from at least two potential modifications into the laser system:

• Using a short-pulse, such as a nanosecond, high output average laser. The nature

of a nanosecond laser pulse may change the removal mechanism from subsurface

heating to explosive boiling at the surface. Explosive boiling is known to happen

at a thermodynamic critical point, i.e. the endpoint temperature of the equilibrium

curve, at which the substance is both vapour and liquid coexist. In this case, the
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supercritical interface breaks down and explodes, which may result in the finer size of

the droplets and their higher acceleration. Besides, as the critical point is generally

higher than the boiling point (and, to the best of the author’s knowledge, remains

unknown for ZrO2), this would create a higher initial temperature of the vapour

and higher recoil pressures.

• By changing the wavelength of the laser, e.g. by using a second or higher harmonic

generator or switching to excimer or gas lasers, it is possible to change the depth

of laser penetration through the coating. At shorter wavelengths, e.g. green or UV

and below, the absorptance of YSZ increases [178] and can result in shallower melt

pools with more homogenous temperature distribution.

7.3.4 Atmospheric Vapour Laser Deposition (AVLD)

method

The lower power density of the incoming laser radiation at the target material can

generate conditions favourable for steady-state vaporisation. As it was shown with

the aid of high-speed imaging, low power densities and sufficient laser power melt

the target and create a steady plasma plume at the surface of the melt pool. It was

assumed that the plume in the plasma state due to its high vibrant emission in a

wide wavelength spectrum, caused by continuous atom excitation, ionisation, and

recombination with an electron; however, vapour and plasma terms are used here

interchangeably for the partially ionised vapour.

The apparatus used for v is presented in Fig. 7.34. A rotating target acts as a

material donor which is irradiated with a laser such that a steady vapour plume is

generated. It is important to suppress other material ejection mechanisms,

particularly subsurface heating and phase explosion in order to achieve consistent

deposition from the vapour phase. Such conditions can be achieved via parameter

optimisation of laser processing, i.e. laser fluence, power density, average power,

and target rotation speed. To increase adhesion, the substrate was heated with an

infrared lamp up to 250, 500, and 750◦C. The laser irradiation time was 30 seconds

unless stated otherwise.
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Figure 7.34: schematic view of Atmospheric Vapour Laser Deposition (AVLD)
technique

A typical coating and its microstructure achieved via the AVLD method are

presented in Fig. 7.35, which was achieved with the substrate temperature of

200°C at 200µm target-substrate distance. Part of the coating was mechanically

removed with tweezers to show the cross-section, as seen in Fig. 7.35, a-b. The

microstructure of the coating is highly porous and consists of interconnected

spheres with a sub-micron diameter (Fig. 7.35).
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Figure 7.35: Top view of the deposited coating via AVLD method, BSE SEM
images at different magnifications: (a) x37; (b) x400; (c) x15 000. Substrate
temperature 250°C, average laser power 88W, beam waist 200 µm. Linear velocity

at the target surface is 44 mm/s, target-substrate distance is 200µm.

Similar tests have been carried out at different substrate temperatures (500°C and

750°C), however, the influence of substrate temperature on the coating

microstructure was not observed, and the coating still consists of nearly 100 µm

spheres, an example achieved with 750°C is shown in Fig. 7.36. Although the

substrate temperature can be expected to promote adhesion, which was out of the

scope of this study, higher substrate temperatures may also increase the sintering

of neighbouring nanospheres. Nevertheless, such behaviour was not observed as

both 250°C and 750°C substrate temperatures lead to similar sintering conditions.
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Figure 7.36: High magnification SE image of interconnected YSZ nanospheres
deposited via AVLD method, x45 000. Substrate temperature 750°C, average laser
power 88W, beam waist 200 µm. Linear velocity at the target surface is 44 mm/s,

target-substrate distance is 200µm.

The target substrate distance is another important parameter in the AVLD

deposition method. Large target-substrate distance lead to collisional loss of

internal energy of the vapour and condensed liquid droplets. At the same time, a

small target-substrate distance would inevitably cause thermal damage to the

substrate, and at target-substrate distances of 100 µm, the substrate was melted

through due to the incoming heat from the vapour. On the other hand, larger

target-substrate distances lead to complete loss of coating adhesion, and the

deposited coating at target-substrate distances of 600 µm or more quickly

de-bonded from the substrate during cooling. However, as shown in Fig. 7.37, the

coating still remained at 500 µm target-substrate distance and had a similar

microstructure to that with smaller separation distances.
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Figure 7.37: High magnification SE image of interconnected YSZ nanospheres
deposited via AVLD method, x100 000. Substrate temperature 750°C, average
laser power 88W, beam waist 200 µm. Linear velocity at the target surface is 44

mm/s, target-substrate distance is 500µm.

A long microcrack and detail of the fracture are shown in Fig. 7.38. Presumably,

the microcrack appeared mechanically, as the prolonged thermal cracking of such

a porous structure is unlikely. The microcrack appeared due to the rapture of

the interlinks between the sintered spheres (Fig. 7.38, c). The high porosity of

the coating and random intertwining of the coating is assumed to influence the

mechanical properties of the YSZ resulting in the low ultimate strength of such

coating and, if such method is used for producing thermal barrier coatings, may

compromise erosion resistance. Nonetheless, such high porosity of the coating may

be beneficial in low-mechanical impact applications. The thermal conductivity of

such coating can be expected to be smaller than that of typical APS coatings, as

well as the high thermomechanical compliance. Future work can be attributed to

examining the properties of the coating, in particular thermal conductivity and yield

strength. To increase the mechanical properties of the coating, a second thermal

exposure step may be used. This is a typical step for sol-gel-produced coatings

promoting interconnections between the nanoparticles and the coating with the
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substrate[169].

Figure 7.38: Top view of a long microcrack at different magnifications. (a) x2300
view showing crack propagation; (b) x100 000 view close to fracture surface; (c) x20
000 view fracture of a porous AVLD structure. Conditions: substrate temperature
750 ° C, average laser power 88W, beam waist 200 µm. Linear velocity at the

target surface is 44 mm/s, target-substrate distance is 500µm.

The microstructure of the coating resembles that of the sol-gel-produced coatings

[62]. However, in contrast with wet-chemistry methods, there is no chemical waste

after the process, typically involving expensive precursors and strong acids for

reaction catalysis and requiring drying steps [310].

In contrast with chemical mechanisms of gel formation, the AVLD formation

mechanism is purely based on the thermal process. The incoming radiation creates
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conditions favourable exclusively for vaporisation as a material removal

mechanism. The material is vaporised and may further dissolve into Zr, Y, and O

atoms with their further ionisation. Surrounding ambient air is present at 101 kPa

has a significant concentration and results in a low mean free path (compared to

vacuum conditions) and collisions with air molecules cool down the vaporised

molecules. After losing energy on collisions, the molecules condensate and create

clusters of removed material, and quick cooling conditions in the atmosphere result

in a smaller size of the clusters. The clusters of YSZ remain liquid and after

further collisions with air will generate nanoparticles. In fact, this is one of the

top-down methods for generating nanoparticles of various materials [322].

However, if the substrate is situated sufficiently close to the target, the droplet will

be deposited onto the substrate. Subsequent droplets will continue deposition onto

the substrate forming islands of the coating. The incoming liquid droplets of

condensed material may solidify on the fly, or remain liquid/partially liquid and

solidify at the underlying sphere creating a randomly interconnected network of

nanospheres. It should be noted that the whisker deposition was not possible

within the tested range of parameters at the AVLD setup. This was attributed to

the low density of the generated vapour.

At the lowest target-substrate distance, 150µm, and shorter laser irradiation time

(5 seconds), an alternative microstructure was observed, shown in Fig. 7.39. The

top view reveal formation of another type of porosity: porosity between the formed

columns (Fig. 7.39 a-b). The size of the columns was in the range of 5...10 µm, while

the column separation distance was 1 µm or less. A closer look at the column, shown

in Fig. 7.39, c, reveals that the coating still consists of sintered nanospheres. The

formation of seemingly structured porosity in a random process was attributed to the

shadowing effect similar to that of EB-PVD produced coatings, when the solidified

molecules block the surface under themself and suppress further deposition [334].
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Figure 7.39: Top surface SEM images of the central area of the substrate after
deposition. (a) x1500 showing the formation of pseudo-columns; (b) close view
of the columns (x4000); (c) Microstructure of the column consisting of sintered
nanospheres. Conditions: substrate temperature 750°C, average laser power 88W,
beam waist 200 µm. Linear velocity at the target surface is 44 mm/s, and

target-substrate distance is 150µm. laser irradiation time 30 seconds.

7.4 Summary

In this chapter, several deposition methods have been demonstrated with a focus

on coating microstructure. This includes substrate-to-substrate and s family of

target-to-substrate deposition methods. Various microstructures have been

observed, and formation mechanisms have been proposed. Due to the early-stage

research, the repeatability of the apparatus was limited, and further scientific and

for the further industrial use of this information statistical studies will be required.

Substrate-to-substrate deposition was found to create highly structured

columnar and feather-like coatings. Repeatable redeposition patterns consisting of

separated columns were found when using a spiral laser path, effectively preheating

the substrate and simultaneously generating a vapour plume for its further

deposition. Future work can be dedicated to developing substrate-to-substrate

deposition as a coating modification technique to locally recreate columnar

microstructure for better thermal fatigue performance. Moreover, this technique
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can be further used to restructure CFS/APS sprayed coatings on-wing as a part of

coating restoration.

Target-to-substrate deposition techniques in atmospheric pressure were

presented here. To date, attention to laser deposition techniques in atmospheric

pressure was limited. The reason for neglecting this field are oxidation and the

short mean free path, eventually oxidising the coating material and/or losing the

energy on the way to the substrate. In the case of oxides, such as ZrO2 and Y2O3

oxidation does not present an issue. In the process of investigations, three different

coating formation processes were observed:

• Liquid droplet laser deposition (LDLD). These conditions were generated with a

high power density of the laser source. The LDLD coating consists of splats and

has defects similar to that of thermally sprayed coatings, including microcracking,

porosity, and unmelted particles (low deformation particles). Future work can be

dedicated to the optimisation of the setup parameters. In particular, a short pulse

laser source may be highly beneficial in this regard. Continuous wave irradiation

creates conditions of subsurface melting and may result in lower vapour pressures

than that of phase explosion. phase explosion, in turn, can generate high recoil

pressures and propel the droplets more efficiently.

• Whiskers formation. Formation of sub-micron long columns of YSZ was found.

Vapour-Liquid-Solid (VLS) mechanism was assumed responsible for coating

formation, however, the exact reason remains unknown. Further studies may be

dedicated to the recreation of the conditions, and developing this into an

atmospheric pressure whisker deposition technique.

• Atmospheric Vapour Liquid Deposition (AVLD). Reliable and repeatable formation

of interconnected nanospheres in a relatively large process window was shown.

Coatings with high porosity and potentially advanced thermal protection properties

and high thermomechanical compliance were shown. Future work can be dedicated

to achieving control of demanded properties such as porosity, mechanical strength,

and adhesion. The development of a sintering step may further help to promote

coating strength and adhesion.
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As this study was dedicated to exploring the range of possible coatings, coating

characterisation was attributed to future work for all types of presented coatings.

Studies on coating porosity, thermal conductivity, mechanical strength, and adhesion

strength will help to understand the range of possible applications of such coatings

and the potential optimisation of the deposition methods based on the analysis.
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Chapter 8

General Conclusions

In this thesis, various applications of laser on thermal barrier coatings have been

investigated. The primary focus of the work was dedicated to: (i) investigating

the microstructure modification of thermal barrier coatings for improved coating

performance; (ii) analysis of the coating performance after laser modification and

comparison against the as-sprayed APS coatings in simulated in-engine environment;

(iii) understanding the laser melting phenomena and grain growth mechanics in

solidified thermal barrier coating; (iv) investigating the possible ways to deposit

thermal barrier coatings with the aid of a laser tool. The general conclusions of the

work are as follows.

8.1 TBC microstructure modification through

laser ablation and laser melting approach

Combined laser ablation–laser melting TBC modification approach has been

proposed and discussed theoretically. Increase of thermomechanical compliance of

the coating was achieved by minimising the in-plane Young’s modulus, which was

performed with the aid of pulsed laser ablation, and laser melting was performed

with a continuous wave laser source. This, in contrast with the laser glazing

technique, allows to tailor thermomechanical compliance of the coating while

simultaneously applying a protective layer.
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It was found that ultrashort pulse picosecond laser ablation can lead to selective

ablation of the topcoat with minimal damage to the bondcoat. Such results have

not been observed in nanosecond ablation regime, which was explained in terms of

thermallisation of the bondcoat lattice with a nanosecond and longer pulses.

Material removal mechanisms in short pulse and ultrashort pulse ablation are

significantly different; melt expulsion and phase explosion were found to dominate

the removal mechanism in short pulse ablation, while the decrease in pulse

duration of the laser promotes direct vaporisation of the topcoat. Non-linear

effects, resulting from different nature of the topcoat and bondcoat demonstrated

the ability to reflect the laser radiation internally thus generating voids inside the

material.

The second step of the modification approach is generation of a dense layer

enabling mechanical and chemical protection of the underlying lamellar coating.

Laser malting of previously grooved TBCs was proven possible, in particular

generation of continuous dense layer. In presented study, the coating was grooved

in one dimension, thus simplifying the laser melting process. It was found that the

dense layer generates cracks as a result of solidification, and these cracks, where

possible, align with the underlying grooves.

Unusual crystal formation upon solidification was found in the melting stage, ”grain

surface sealing”. This creates a ”sealing” layer of thin surficial layer of grains. This

phenomenon was examined and explained in a separate study on grain growth.

8.2 Performance assessment and microstructure

characterisation of laser modified thermal

barrier coatings

Laser-modified samples of were compared against as-sprayed APS coatings in a

number of tests simulating in-engine conditions. The effects of artificially induced

porosity after coating deposition, combined with surface densification, generating
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vertical and sealed pores via laser beam processing showed that such technique have

several advantages against the as-sprayed coating.

Due to surface densification, the erosion resistance of the coating after modification

was raised by an average of 8.6 times compared to the as-sprayed coatings. Due to

the increased depth of the glazed zone, no significant volume fracture of the densified

region was observed. The removal mechanism during erosion tests was changed from

splat loss at the splat-splat interface to gradual grinding removal of the coating.

CMAS resistance of the modified coatings was improved due to limiting the CMAS

propagation paths into the TBC. While the molten CMAS infiltrates through the

porous APS TBC, the modified coating alters CMAS infiltration behaviour;

molten silicates in this case propagate through thin crack channels within the

dense layer, and later contained within the volume of the groove connected to the

microcrack. Higher-temperature CMAS infiltration test was found to remove the

whole as-sprayed coating in an explosive manner during cooling phase, while the

modified coating remained on the cmponent after the test.

Due to the coating’s higher strain tolerance, the thermal cycling life of the coating

was extended by 11%. Edge delamination was found responsible for as-sprayed

coating failure, while buckling became the dominating failure mechanism for the

modified coatings.

After both mechanical impact of erosive particles and thermal cycling, X-ray

diffraction demonstrated the presence of a ferroelastic domain switching in the

laser-modified state of the YSZ coating. Such behaviour wasn’t observed in

coatings that had been sprayed. The tensile residual stress within the topcoat

layer, arising from thermal spraying process, was reduced using by using melting.

The laser-modified coating produced substantial compressive stresses in the thin

surficial region, but the as-sprayed coating showed signs of stress relaxation after

erosion.
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8.3 On the importance of interface stability in

cellular automata models: planar and

dendritic solidification in laser melted YSZ

Two distinct effects formed during laser melting, were observed in solidified

topcoats: grain surface sealing and grain bending. Such effects occur in different

conditions and both effects were explained as a consequence of different growth

types in diffusion-limited aggregation and interface-limited aggregation, eventually

creating planar and dendritic grain morphologies. Besides, various grain

morphologies were observed in the laser-melted zirconia, including planar, cellular,

and dendritic morphologies.

To explain this, a predictive mathematical tool was developed based on the Cellular

Automata(CA) approach. In contrast with already existing CA models, the planar

solidification have not found attention in the field.

Fluid flow was found to alter the shape of the melt pool significantly. It is crucial to

take the liquid flow into account for precise microstructure predictions. The trailing

edge of the melt pool was most severely impacted by internal convection, which

accounted for up to 26% of the total heat transfer. With increased scanning speed,

the fluid flow’s impact on heat transfer reduces.

The proposed multiscale model includes particular characteristics of

orientation-independent growth that were captured by approximating the growing

element as a sphere. To capture the tetragonal nature of the material, the growing

element used in the decentered octahedron algorithms for FCC and BCC crystals

was changed with consideration of corresponding crystallographic lattice constants.

The modelling results were in good agreement with the experiments.

Grain bending (crystals with bent grain boundary geometry under the surface) and

grain surface sealing were found to coexist while laser-melted YSZ solidified (in-plane

surficial crystals cover vertical columnar grains). Changing growth velocity in planar

and dendritic interfaces were used to describe the creation mechanism.
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8.4 Laser deposition in atmospheric pressure

In this work, the possibility of TBC deposition in atmospheric pressure was

demonstrated. An area that has been overlooked both academically and

industrially showed that different microstructure of the coating may be achieved.

Formation mechanisms for each of the deposited microstructure were proposed and

discussed.

Substrate-to-substrate deposition, i.e. recast formation with a particular set of

parameters, can create columnar microstructure similar to the TBC microstructure

deposited from vapour in high vacuum conditions. Formation of columnar,

”feather”-like, and ”coral”-like microstructure was demonstrated by using a spiral

path of the laser beam. Columns with 3-5 µm width and 15-20 µm height were

demonstrated.

Two types of target-to-substrate deposition with a laser tool was discovered here.

With the aid of laser melting and recoil pressure it is possible to create a thermal

barrier coating, which was attributed to ”Liquid droplet laser deposition (LDLD)”.

Similarly to thermal spraying techniques, LDLD relies on propelled liquid droplets of

the material to be deposited; in contrast with thermal spraying, LDLD forms liquid

droplets from a bulk material, unlike typically used powder, and phase transition to

liquid is an inevitable outcome of the process.

Deposition from vapour phase under atmospheric pressure with the laser tool was

found to create a coating consisting of interconnected solidified YSZ nanospheres,

which was attributed to ”Atmospheric Vapour Liquid Deposition” (AVLD).

Coatings produced with this method is characterised with high porosity and

potentially high thermomechanical compliance.
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Chapter 9

Future Work

In this chapter, potential future work arising from the thesis is discussed. More

work is needed to overcome current limitations of the TBC modification technique,

and enhance our understanding of the laser melting and laser deposition processes.

9.1 TBC microstructure modification through

laser ablation and laser melting approach

The reduction of the glazed layer’s thickness, which is what leads to high thermal

stresses during thermal cycling, is a primary goal for an optimal modification

strategy. This makes creating such a coating even more challenging because, in

this case, the thickness of the glazed layer also depends on the width of the

previously machined grooves. Other laser manufacturing techniques might be

applied in other investigations even though the tools that were accessible were

limited. The thickness of the glazed layer can be reduced by either reducing the

numerical aperture of the focusing lens, which entails widening the beam at the

entrance, or by shortening the lens’ focal distance, which will eventually reduce the

laser spot size.

Another method of laser spot size minimisation is the decrease of the laser

wavelength from 1064nm to higher harmonics, e.g. 532 nm or 355 nm and above,

or use excimer laser source. The latter will also promote laser absorption within
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the TBC, as zirconia-based ceramics are known to have poor absorption of

near-infrared irradiation [37].

Mathematical modelling of the phenomenon may help to better understand the

desired geometry of the grooves. While this study was based on simplified

calculations of thermal expansion mismatch and its minimisation, the actual

physical phenomenon within the TBC layer is rather complex. A comprehensive

physical model of TBCs under thermal loads will be beneficial for both building an

understanding of the TBC evolution after modification, as well as allow to

optimise the grooving and melting geometries.

With further industrialisation of this technique, repeatability of the work should be

checked statistically over large set of data in order to ensure repeatable results both

of the ablation and melting processes.

9.2 Performance assessment and microstructure

characterisation of laser modified thermal

barrier coatings

Further work toward TBCs with desired elastic modulus ratio, in particular through

thermomechanical modelling, should be carried out in order to obtain thermal

barrier coatings with desired characteristics. Besides, the width of the microcracks at

the dense layer after laser melting was recognised to be responsible for an increased

thermal shock resistance [315].

While the number of samples was limited in this work, the results clearly indicate

significant improvement in the erosion resistance of the coating. However, with

further use of this technique, erosion resistance of the samples should be measured

with a larger set of samples.

Grooving the topcoat in perpendicular dimensions would potentially benefit the

coating. Together with careful control of the thickness and geometry of the glazed
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layer, this can suppress buckling failure. A pattern of grooves generated at the dense

layer can serve this purpose, thus decreasing compressive thermal stresses.

Potentially, wider microcracks would increase the thermomechanical compliance of

the topcoat. The width of these cracks may be controlled by the groove pitch and/or

ambient temperature during laser melting. At the same time, there is a trade-off

between the crack width and resistance of the coating to oxidation, i.e. larger cracks

would be a better short path for oxygen penetration to the bondcoat. With regard

to CMAS resistance, increasing the crack width would lead to a higher flow rate of

molten silicates toward the grooves, and lower CMAS performance.

Minimisation of the groove width will allow for wider parameter range in the laser

melting step, and, consequently, reduce the thickness of the dense layer. As buckling

was found to dominate the failure mechanism in modified coatings, main efforts

should address this failure in order to enhance the properties of the modified coating.

One way to reduce it is by adding a third processing step, where the surface of the

glazed TBC will be ablated down to the required level. To optimise this step, instead

of removal of the whole coating the glazed layer may be covered with grooves, thus

repeating the underlying microstructure of the coating. This will allow to reduce

the thermal expansion stresses within the glazed layer.

Alterations to the groove are possible, including partial thickness grooving and

cascaded groove depths, which may further increase the thermal cycling

performance. Various groove geometries with internal voids, the possibility of

which was demonstrated in the ultrashort laser ablation regime, may be further

developed.

Different laser melting strategies, such as discussed discontinuous and

semi-continuous laser melting may be advantageous in conditions where high

thermomechanical compliance is more important than resistance to mechanical

attacks.



Chapter 9. Future Work 255

9.3 On the importance of interface stability in

cellular automata models: planar and

dendritic solidification in laser melted YSZ

In he presented work, the influence of planar and dendritic solidification regimes

was demonstrated on laser melted topcoats. To build a better understanding of

the process, the model should be validated on a variety of simpler materials, in

particular, BCC and FCC metals.

The effects of grain bending and grain surface sealing on the properties of the

solidified material may be addressed in the future studies. Mechanical, electrical,

magnetic properties of materials are known to depend on the crystal structure of

the workpiece. Optimisation of the grain orientation and geometry may allow to

build materials with unprecedented properties in the future.

The key feature of the proposed model is its ability to distinguish different

solidification modes, and adjust the velocity of the process respectively. Presented

model is based on the LGK models for dendritic growth, which makes the model

relatively fast, compared to the models assuming complete dendrite formation

since the diffusion equation can be neglected. Moreover, the planar solidification

modelling is significantly faster to calculate than even the LGK model due to

simple vectorisation of the solution. Future work may address these advantages of

the model and generate an inverse model for grain growth, thus allowing to find

the necessary laser parameters for desired grain geometry.

Future work may be also dedicated to the investigation of the influence of planar

and dendritic solidification on resultant orientation of the remelted coating. It as

noted that planar solidification mode is likely to be indifferent to the orientation

of the seed crystal, while dendritic growth causes orientation competition of the

neighbouring crystals and results in selection of preferred orientation. APS TBCs

typically have a characteristic [100] texture resulting from rapid solidification of

the droplets. Therefore, it was difficult to build certain conclusions of orientation
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evolution during laser melting; separate study on the evolution of orientation in

planar and dendritic growths, conducted with random initial orientation and stong

but varied texture of the initial workpiece material, will promote understanding in

the origin of crystal orientation.

9.4 Laser deposition in atmospheric pressure

As this study was dedicated to exploring the range of possible coating

microstructures, limited attention was paid to the properties of the resultant

coatings. A comprehensive study on the mechanical characteristics, in particular

adhesion strength and adhesion mechanisms, are necessary to enable any of the

proposed techniques. For substrate-to-substrate deposition, i.e. surface

modification with surficial columnar microstructure, mechanical strength, coating

porosity, and thermal conductivity must be studied. Besides, the microstructure

deviation within a given set of conditions was out of the scope of this work,

however should be addressed in future studies.

In order to understand coating performance, a series of tests in simulated engine

conditions must me performed; in particular, resistance of the AVLD coatings to

mechanical damage should be checked and porosity of the coating optimised based

on this data. LDLD coatings would also suffer from erosion damage due to multiple

splat interfaces and limited splat-to-splat bonding; thermal shock characteristics of

the coatings, in particular LDLD-produced topcoats, must be checked.

Based on the results, the LDLD technique may be further optimised in terms of

particle velocity. Particle velocities in the proposed process were much lower than

that of the typical APS speeds (30m/s against 150-200m/s). While the main source

for the speed in APS process is the propellant gas accelerating the particles, LDLD

relies on liquid ejection mechanics and the associated vapour pressure. Increasing

the velocity of the droplets may lead to better mechanical interlocking of splats and

better adhesion of the coating. This can be done by adding an external acceleration

source, e.g. from combustion, plasma, or adding high pressure gas.
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However, the size of the droplets is in LDLD deposition was found to be approx.

5-20 µm, resulting in low active surface area useful for acceleration. Another method

would rely on changing the laser source and adjusting the laser parameters. In the

present study, the laser used for LDLD deposition is a continuous wave source.

Applying the same technique with a pulsed laser, in particular with the widely used

Q-switched lasers providing high power densities, will enhance the recoil pressure and

increase the velocity of the droplets. Besides, the properties of the LDLD-produced

coating, such as resistance to molten silicates and erosion, may be enhanced with

laser glazing or combined modification approach, proposed in this work.

With regard to AVLD technique, it was possible to achieve a coating consisting from

nanospheres. While the properties of the coating was not measured within this study,

it would be safe to assume based on the SEM images that the adhesion strength as

well as mechanical strength of the coating is limited due to a low sphere-to-sphere

contact surface. One of the ways to optimise this is to introduce a sintering step,

where a high temperature can be applied to the coating in order to promote coating

cohesion and adhesion.
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accumulation on the incubation effect in multi-shot laser ablation of stainless

steel at high repetition rates. Optics express, 22(10):12200–12210, 2014.

[66] Hong-qiang Dou, Cai-zhen Yao, Hao Liu, Yi Wan, Ren-jie Ding, Xiao-dong

Yuan, and Shi-zhen Xu. Femtosecond laser ablation of al-mg alloy in vacuum

and air. Applied Surface Science, 447:388–392, 2018.

[67] Julie M. Drexler, Angel L. Ortiz, and Nitin P. Padture. Composition

effects of thermal barrier coating ceramics on their interaction with molten

ca-mg-al-silicate (cmas) glass. Acta Materialia, 60(15):5437–5447, 2012.

[68] Julie M. Drexler, Kentaro Shinoda, Angel L. Ortiz, Dongsheng Li,

Alexander L. Vasiliev, Andrew D. Gledhill, Sanjay Sampath, and

Nitin P. Padture. Air-plasma-sprayed thermal barrier coatings that are

resistant to high-temperature attack by glassy deposits. Acta Materialia,

58(20):6835–6844, 2010.



REFERENCES 266

[69] EASA. European aviation environmental report 2019.

(TO-01-18-673-EN-N):112, 2019.

[70] Shane M Eaton, Haibin Zhang, Peter R Herman, Fumiyo Yoshino, Lawrence

Shah, James Bovatsek, and Alan Y Arai. Heat accumulation effects

in femtosecond laser- written waveguides with variable repetition rate.

13(12):2496–2504, 2005.

[71] EKSPLA. Atlantic he series laser. technical description and user manual. 2014.

[72] G. A. El-Awadi, S. Abdel-Samad, and Ezzat S. Elshazly. Hot corrosion

behavior of ni based inconel 617 and inconel 738 superalloys. Applied Surface

Science, 378:224–230, 2016.

[73] Epstein. Trends in thermal and propulsive efficiency. 1998.

[74] LJ Espinoza-Pérez, Eddie López-Honorato, and Luis A González.
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[108] Thomas Götsch, Wolfgang Wallisch, Michael Stöger-Pollach, Bernhard
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