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1.1. Introduction       

      Ceramic materials have thermal, mechanical, chemical and electrical 

properties; therefore they have been widely used in nonstructural applications, 

such as electronics, insulators and crucibles for a long time. Recently a new 

class of ceramics known as technical, engineering, fine, advanced ceramics 

has been developed fore more critical structural applications. Because of the 

low thermal expansion coefficient, thermal diffusivity and thermal 

conductivity, as well as acceptable thermal shock resistance and high hardness 

of certain of these special ceramics are obtained. There is a considerable 

interest in employing them in advanced fuel gas engines. Furthermore these 

ceramics also generally exhibit good resistance to wear, erosion and 

corrosion. 

Although ceramics have unique thermal, mechanical, chemical and electrical 

properties, their high fabrication cost, brittleness and size shape limitations as 

monolithic components restrict many potential applications.  One way to 

avoid these drawbacks is to use ceramics as coatings on metallic substrate. 

This can be done by a number of coating techniques including[1]:-   

1-Diffusion coatings. 

2- Overlay coatings. 

3- Multilayer coatings and  

4- Thermal spraying processes, (more details can be found in reference [1]).          

    Thermal barrier coatings (TBCs)   consist of a ceramic layer applied over a 

bond coat layer and a metallic substrate which has been developed to prolong 

the life of hot section components and improve the thermodynamic efficiency 

of internal combustion engines and advanced gas turbines. However, 

performance of currently available TBCs is considered as not sufficiently 

reliable in practice [2].Thermal barrier coatings for insulating components in 
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heat engines are under development. Advantages in this area have been based 

by research aimed at developing coatings for air-cooled gas turbine blades and 

vanes. The benefits of thermal barrier coatings include lower metal 

temperature moderation of thermal transients, reduced requirements for 

cooling air and /or higher gas temperatures the result is improved performance 

and efficiency longer component life times ,simplified design and in certain 

cases the substitution  by less expensive metallic substrate  [3]. 

 

1.2-Overview 

      Further increase in turbine inlet temperature (TIT) for improved advanced 

gas turbine efficiency requires continuous development of new superalloys and 

better cooling schemes. Importantly, advanced thermal barrier coating systems 

(TBCs) based on new coating material, improved coating structures and state -

of-the art coating deposition processes are also needed. At present the most 

widely used ceramic material for thermal barrier applications is Yttria stabilized 

Zirconia (YSZ). Its low thermal conductivity, relatively high thermal expansion 

coefficient and superior high temperature performance make YSZ a good choice 

for current TBC applications. The performance of TBCs is largely dependent on 

the coating deposition process. There are a number of techniques used to melt 

and propel the coating material and the most commonly applied are:- 

1-Flame spraying . 

2-Electric arc spraying. 

3-Detonation-gun spraying . 

4-High velocity oxyfuel spraying and  

5-Plasma spraying,(more details can be found in reference [1]). 

 TBCs produced by Plasma spraying (PS) process have lower thermal 

conductivity than those applied by electron beam (EB-PVD), but are less 
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strain compliant due to their laminar microstructure characterized by 

existence of inter-splat Pores and cracks parallel to the coating surface fig.(1-

1and 1-2)[1,6,13]. And the coatings weak adhesion to the substrate formed by 

thermal spraying reducing the effectiveness of the deposition coating [4].  

 

1.3- Bond Coats For Thermal Barrier YSZ Coatings 

     Yttria stabilized zirconia has substantial permeability for oxygen and does not 

protect the substrate from oxidation .When applying TBCs to oxidation –

susceptible substrate an intermediate bond coat is necessary to protect the 

substrate. Expected life time of such a coating system is to a great extent 

dependent on the bond coat properties. The bond coatings which have been 

developed are the MCrAlY alloys. (Where M stands for Fe, Ni, Co or 

combinations of these). The effects of the elements in the alloys are as follows 

[5]:- 

•Chromium: - which gives oxidation resistance up to 1000 Cº above which 

temperature the chromium oxides sublimate. 

•Aluminum:- which gives oxidation resistance above 1000 Cº.  Aluminum can 

form brittle intermetallic phases in the substrate and therefore the aluminum 

content has to be kept rather low at 5-10%. At high chromium contents less 

aluminum is needed to form a protective aluminum oxide film.  

•Yttrium: - a small content of yttrium increases the service life of the bond coat. 

Formation of yttrium oxide in the grain boundaries reduces the grain boundaries 

diffusion rate. It has been shown that yttrium is most effective if the yttrium 

content is not higher than the solubility in the matrix, 0.2% yttrium improves its 

adherence against exfoliation during thermal cycling. 

•Nickel: - is preferred on nickel substrates. 
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•Cobalt:-is preferably on cobalt based substrates .Cobalt makes the bond coat 

harder and less ductile than nickel, but gives a bond coat more resistance against 

sulphidation. 

•Iron:-has the best hot corrosion resistance properties .If used on nickel base 

alloys there are difficulties with diffusion of nickel in to the bond coat, changing 

the crystal structure from body center cubic to face center cubic. 

     In most designs of the TBC systems the substrate is first coated with a 

corrosion and oxidation resistant layer which also acts to bond the TBC with the 

substrate of the component ; this coating is also known as a bond coat . A bond 

coat may be a thermally grown oxide (TGO) layer, and low sulphur platinum 

modified metal (such as nickel) aluminide (M, Pt) Al. 

MCrAlY bond coat which may be applied as “overlay coating”, which are 

produced by low –pressure plasma spraying (LPPS) in a wide variety of 

compositions of the relevant substrate materials or pack cementation fig.(1-3) [6, 

8].The TBC is adhered to the bond coat typically by mechanical interlocking  .In 

addition ,the bond coat produces a protective alumina scale .This acts as a glue 

between the bond coat and ceramic top coat .It also accommodates the mismatch 

of thermal expansion coefficient between the ceramic and the metallic substrate. 

The quality requirement for bond coat is the following [6, 7]:- 

 

1-Oxides:- from the viewpoint of bond coat ductility, the oxide content should be 

low .oxides with proper morphology can, however, be obstacles to the diffusion of 

Ni into the bond coat and retard nickel diffusion by a factor 25.The oxides content 

increases with increasing heat input. 

2- Porosity: - should be as low as possible, and less than 3%.Porosity increases 

the permeability of oxygen and sulphure through the bond coat. 
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3-Roughness: - a roughened bond coats enhance adhesion between a TBC and a 

bond coat in a thermal barrier coating system. The  bond coat surface generally 

has Ra (Arithmetic average roughness”Ra”as determined from ANSSI/ASME 

standard  B 461-1985)value over about 350 micro inch mainly by mechanical 

interlocking .So the function of the bond coat is to provide oxidation resistance to 

the substrate and a relatively rough surface preferably with Ra values over about 

350 micro inches ,for the TBC to adhere to the substrate .A roughened bond coat 

prevents de-bonding and separation between the TBC and bond coat of TBC 

system. It increases interfacial mating surface area of adhered elements ,enhances 

mechanical interlocking between the bond coat and  TBC, and bond coat 

accordingly, expansion of elements in a TBC system with a roughened bond coat 

does not lead to separation and de-bonding between them. An effect of the 

roughened bond coat includes an enhanced life of the TBC in the thermal barrier 

coating system. 

 

4-Mass gain:- the mass gain during thermal cycling of the component indicates 

the rate of degradation of the bond coat –thermal barrier system. The mass gain 

has a strong relationship to heat input during spraying. 

 

1.4-Thermal Barrier Coatings 

        Plasma spraying is a well-established technology that allows selective 

modification of the surface properties of material without adversely affecting the 

bulk properties of the materials. Therefore it is one of the important processes 

currently used to produce thermal barrier coating system (TBCs) for a wide range 

of substrates for different applications fig.(1-3A)[6,8]. Thermal protection is 

essential in modern industrial applications (such as advanced hot gas turbines) 

where various parts and components are used in extreme environments since 
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components readily wear, oxidize ,and degrade. Thermal spraying techniques have 

been used over the last forty years or so, with success for coating the inside 

surface of high temperature engines ,such as gas turbine engines fig.(1-3B)[6,8]. 

Thermal spraying coatings can dramatically increase the material properties of the 

part and can be applied to these components to provide enhanced thermal, 

electrical and wear protection [9]. Thermal barrier coating systems (TBCs) may 

be defined as isolative, oxidation and hot corrosion resistance materials used in 

hot sections in engines (utility, diesel and turbines). 

 No single coating composition appears able to satisfy these multifunctional 

requirements .As a result, a “coating system” has evolved. Research in the last 40 

years has led to a preferred coating system consisting of at least three separate 

layers to achieve long term effectiveness in the high temperature, oxidative and 

corrosive use environments for which they are intended to function, fig.(1-4) [6, 

10]. 

First layer, a thermally protective TBCs layer with a low thermal conductivity is 

required to maximize the thermal drop across the thickness of the coating .This 

coating is likely to have a thermal expansion coefficient that differs from the 

component to which it is applied [8]. 

This layer should therefore have a high in –plane compliance to accommodate the 

thermal expansion mismatch between the TBCs and underlying metallic 

component. In addition, it must be able to retain this property and its low thermal 

conductivity during prolonged environmental exposure .A pores, columnar, 100-

250µm thick yttrium stabilized zirconia (YSZ) layer is currently preferred for this 

function. This ceramic layer is used effectively to improve the thermal properties 

and decrease the temperature of the substrate by 50-200ºC which allows higher 

temperatures inside the engine. It is chosen for its high melting point, its low 

reactivity in addition to already mentioned properties. This layer may be applied 
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using either air plasma spraying or electron beam physical vapor deposition (EB-

PVD).Second layer is an oxidation and hot corrosion resistant layer required to 

protect the underlying turbine blade from environmental degradation. This layer is 

required to remain relatively stress free and stable during long term exposure and 

remain adherent to the substrate to avoid premature failure of TBC system [11].  

It is important that it also provides an adherent surface for the TBC top coat. 

Normally, The thin (1µm), protective aluminum rich oxide which is thermally 

grown upon the bond coat is utilized for this purpose. Low pressure plasma spray, 

electron beam or back cementation is used to apply the bond coat .The metal 

layers are used to improve the mechanical properties such as adhesion. In addition, 

these layers are desired to be thin and low density to limit the centrifugal load on 

rotating engine components and have a good thermal and mechanical 

compatibility.  

Recently applications of TBC are applied extensively to the critical hot section 

components of advanced heat diesel engines such as nozzle guide vanes, buckets 

and chambers of gas turbine aero engines components, combustor linings 

transition ducts and vane platforms in production aircraft gas turbine, to improve 

thermodynamic efficiency of such advanced land-base gas turbine which results in 

an increase in the operating temperature [12]. 

 The desirable characteristics of these layers are listed in fig.( 1-4) and also given 

summary in table (1-1)[6,10].The focus of the work in this research is on the 

isolative YSZ to layer where improved coating morphologies are desired to 

improve TBC performance. Isolative layers of TBC are produced from partially 

yttria stabilized zirconia which has become the preferred TBC layer material for 

gas turbine engine applications because it offers a range of unique properties for 

components. It has a low thermal conductivity, its relatively high (compared to 

many other ceramic)thermal expansion coefficient close to the super alloy 



Chapter One                                                                                                       Introduction 

8 

substrates and bond layer ,high fracture toughness ,very good oxidation and hot 

corrosion resistance. The main advantages of using thermal barrier coatings are 

summarized below [1, 8]:- 

1-Improving the creep and oxidation resistance by decreasing the temperature of 

the substrate. 

2- Improving the thermal fatigue resistance of the thermal system by decreasing 

the thermal stress induced by strain. 

3-Improving the efficiency of the engine by reducing the volume of air required 

for cooling .TBCs offer the potential to significantly improve efficiencies of aero 

engine as well as stationary gas turbines for power generation .On internally 

cooled turbine parts, temperature gradients of the order of 100 to 150 Cº can be 

achieved[1,11 ] .  

4- Improving power density and decreasing maintenance costs. 

5-Enhancing reliability and performance of advanced heat engine components.  

6- Improving engine components durability. 

 

1.5- Laser Surface Sealing (Laser Surface Melting) 

  A significant problem with plasma sprayed ceramic coatings is that there is 

an amount of porosity in the coating which rises to rapid deterioration of the 

coating system. The ideal coating surface should be impermeable, resistant to 

erosion, corrosion and thermal insulator. An approach to solve this problem is 

laser sealing of sprayed ceramic deposits by melting a thin layer of as-sprayed 

ceramics ,fine microstructure together with non-porous and smooth layers can 

finally be obtained [13] with minimal input of heat to the surrounding areas. 

The temperature rise during laser treatments depends on two factors:- 

1-The properties of the material (absorbtivity “a” and thermal   diffusivity 

“α”, and 
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2-The laser parameters such as power “P”, beam diameter “d”, wave length 

“λ”, and interaction time “t” [14]. 

    Heat transfer rapidly occurs to a distance called the thermal diffusion length 

which is given by t2  , where t is the interaction time (which can be defined 

as the time that it takes the incident laser spot to move one diameter relative to 

the workpiece surface). The thermal diffusivity α is :- 

 α  = 
pC


------------------------------------------------------------------------ (1-1)   

Combined laser parameters such as power density:- 

 I=
2

4

d

P


W/mm²   and specific energy  Sp=

dv

P
 -------------------------------(1-2) 

  Are frequently employed to specify the laser processing conditions, power 

density /traverse speed:- 

 Pv=
vd

p
2

4


” J/mm³)” -------------------------------------------------------------(1-3) 

Has also been used. Different values for these parameters result in one or 

more of the following effects. For metals   occur at the following power 

density values . 

1-Heating without melting at power density ~<10² W/mm² e.g. transformation 

or shock hardening.                                                   

2-Melting at power density ~ 10²-10
4

 W/mm² e.g. glazing, homogenization, 

refining and polishing. 

3-Evaporation, at power density ~10
4
-10

6
 W/mm². 

4-Plasma formation at power density ~10 
6
W, [15]  

  Surface melting by laser is a straight forward process requiring near focused 

laser beam which is traversed over the surface to be melted while the surface 

may be shrouded in an inert atmosphere. Careful control of the power, 

traverse speed and beam diameter allows control of the melt pool size and the 
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flow of material within it [16]. The main characteristics of surface melting 

are:- 

1-Moderate to rapid solidification rates producing fine near homogenous 

structure. This structure is often harder and more corrosion resistant than the 

untreated surface. 

2-Superficial melting and high traverse speeds result in little thermal 

penetration. Thus the process can be executed quite close to thermally 

sensitive components. 

3-The high localized melt zone and low thermal penetration results in 

minimal thermal distortion. 

4-Surface finish of about 25 μm is fairly easily obtained. 

5- Process flexibility.    

   The positive effects of laser surface processing are based on a change of the 

microstructure of the material composition of the surface layer due to a 

thermal cycle which is induced by a moving laser source. The treated area is 

heated by absorption of energy delivered by the laser beam. Since the heat 

input is by a high power laser beam it is well confined and very  intense. 

Hence heating rates in the surface layer are high. The heated layer is self-

quenched, after the laser beam passes, by diffusion of the heat to the cold bulk 

[17]. Fig. (1-5)[15] Shows a general classification of the laser surface  sealing 

techniques. In general applications of laser to material processing can be 

grouped in two major classes:- 

A-Applications requiring limited energy / power and causing no significant 

change of phase or state. 

B-Application requiring substantial amount of energy to induce the phase 

transformations. 
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The high heating and cooling rates in the surface layer result in grain 

refinement and in the formation of metastable phases and/or altered 

microstructures fig.(1-6)[17],reducing  the porosity by grain reinfinement and 

closing the voids  which leads to increase the life of coated component, 

increasing surface hardness to enhance corrosive and wear resistance of the 

substrate. 

 

1.6- Methodologies 

     In order to characterize the laser sealing (re-melting) processing for the 

application in combustion engines, advanced gas turbines, microelectronics 

and packaging industries, analytical, computational and experimental 

methodologies were utilized in this research. An analytical methodology is 

characterized by solving the equations of heat conduction in  solid and 

building a one dimensional model (Bruggers model) to construct a computer 

program in an advanced language (visual Basic-6). Computational 

methodologies make use of finite size elements in discretization of the 

physical domine and provide approximate solutions. Experimental 

methodologies based on previous experimental work, utilizes, zirconia 8% 

stabilized yttria ceramic   layer   coated on a metallic substrate after applying 

a bond coat layer of AlNi and processed with laser of various parameters, to 

provide information on responses of the substrate to the applied laser flux.  

 

1.7-Thesis Organization      

     This Thesis is divided in to five chapters covering the main topics areas 

namely: Chapter one includes general introduction beginning from describing 

the properties of ceramics and their defects passing through thermal barrier 

coatings and their advantages and disadvantages and the laser processing to 
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improve its properties and reducing its defects. also overview, methodologies 

and thesis outline. The previous experimental work, the theoretical studies and 

the present work benefits to improve the previous work are in the contents of 

chapter two. Chapter three includes theoretical analysis, general heat transfer 

problem for laser material processing, governing equation and boundary 

conditions.  It also includes analytical solution, one dimensional model for 

laser surface sealing, three dimensional model for laser surface sealing. In 

addition thermal stress problem in laser surface sealing, theoretical 

considerations, consideration of laser beam properties, consideration of 

energy absorption, and consideration of surface emissivity, computational 

investigations (visual basic programming method, finite element method) are 

also included. Results and discussion of computational investigations, 

correlation between computational and experimental results of melting zone 

profile, temperature distribution, and stress distribution are   in chapter four. 

Chapter five includes conclusions,   and suggestions of future work. 

 

1.8- Aim and Importance of Research Work  

        The main objective of this research is to investigate the possibility of 

using the laser beam to process ceramic   coatings in order to reduce its defect 

induced due to coating process and its bulk properties. The previously 

published literatures have not been able to construct computer simulation 

model for prediction of the dimensions (width and depth) of the laser sealed 

zone. This research work gives the answer for all laser processing with 

temperature distribution and a range of laser affected area and a fusion zone 

(melting area). 

 The research work aims to enter specific laser parameters with different 

ceramic coatings properties and get a description of the resultant melting 
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width and depth, with a temperature profile with each traverse speed and at 

different location of the laser beam track and time. The prediction has a good 

convergent  with  experimental work so it is worthy to use this way to predict 

the operation results according to the entered parameters of laser and ceramic 

coating materials before deciding to process the substrate with laser beam.  

Temperature distribution at each time step is obtained with its effect on the 

melted width and depth showing how temperature changes with time and 

progress in laser beam movement. Rapid cooling from melting temperature 

caused thermal stresses especially at the interface between the bond coat and 

ceramic coating. It is shown with its distribution on the substrate surface 

indicating  X, Y, Z axis stresses.  
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2.1-Literature Review. 

       The availability of high power laser in recent years has led to a range of 

applications in materials processing such as cutting, welding, drilling and 

surface engineering. The last includes surface hardening, melting, alloying 

and cladding. Much research has been carried out on a wide range of laser 

surface treatments of metallic materials. In contrast there is a relative dearth 

of informations on the laser surface processing of ceramics. The objective of 

sealing is to produce a dense layer essentially free from porosity on the 

surface of the plasma sprayed coatings. 

     The plasma- sprayed material has some desirable characteristics and it is 

not the intension to completely melt it [18]. Since the laser offers distinct 

advantages in re-melting the layer with minimal input of heat to the 

surrounding areas. Continuous or pulsed CO2lasers and ND: YAG (solid 

lasers) has been employed for surface sealing of plasma sprayed ceramic 

coatings. The main potential applications for laser sealing of ceramic 

coatings are [1]:- 

1- Sealing porosity to increase the life of coated components by 

eliminating the access of corrosion gases and molten salts to the underlying 

metallic substrate. 

2- Modifying microstructure to improve the structural homogeneity of 

coatings. 

3- Producing a smoother surface finish to reduce the active surface not 

only for absorption, reduce area to gases flowing over the surface and reduce 

the problem of foreign materials such as slag sticking to the surface which 

can be associated with localized loss of coatings [19]. 

4- Increasing surface hardness to enhance erosive and wear resistance of 

the surface. 
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5- Improving fracture strength .It is reported in the literature [20] that the 

fracture strength of laser surface modified ceramic materials increases more 

than 50% in one set of experiment. 

 

 2.1.1- Theoretical and Numerical Studies 

       Laser materials processing utilizes the high power density provided by 

the laser beam, which is focused on the workpiece. As a result, the work-

piece material experiences heating, melting, and possible vaporization and 

re-solidification. Understanding the temporal evolution of the temperature 

field during laser material interaction is one of the most significant factors in 

achieving a desired quality of processing. The thermal history is required to 

determine dimensional changes in the machined part, the related stresses, 

phase transformations taking place, and the final metallurgical 

microstructures. Therefore, ability to determine the thermal field has been a 

major aspect of most models of laser surface processing. 

 

    H.Aseel Tariq[15]: studied a numerical model for material extraction 

caused by melting and vaporization during pulsed laser irradiation. The 

problem is formulated by using the energy conservation equation. The 

conclusions based on the amount of heat required to melt each layer and the 

time required to reach complete melting. 

 

    R. Kovacevic [21]: proposed a three dimensional model of the laser 

surface modification process utilizing the efficient solution procedure of the 

finite -element capabilities of the ANSYS parametric design language 

APDL. This was to determine the physical dimensions of the   fusion zone 

“FZ” and heat –affected zone "HAZ" and compared with experimental data 
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on a substrate AIST 1006 STEEL using ND: YAG laser of 1.06 μm wave 

length continues wave. Simulation results provide a cross-sectional shape of 

the molten pool that can not be observed during real-time processing .from 

such sections; the depths of the “FZ “and “HAZ “are measured.  

      Mazumder and kar [22]: introduced a three-dimensional model that 

incorporated all three mechanisms of heat transfer (conduction, convection, 

and radiation). The analysis employed a technique of uniformly moving 

finite slabs to synthesize a moving laser beam at a constant velocity. In 

contrast to the previous infinite and semi-finite geometries models, this 

analysis was much more applicable to smaller substrates whose overall 

dimensions were in the order of the laser spot diameter.  

    A.G.Marathe [23]: presented a two-dimensional /axisymmetric 

incompressible, viscous transient computer code (TARANG)” to solve the 

laser and electron beam melting problems”.  This study mainly highlights the 

features of the computer code and the selection of these features. The 

modeling includes simulation of transient, two dimensional/axisymmetric, 

incompressible fluid flows with phase change with surface tension on free 

surface. The code (TARANG) developed in this project is validated with the 

results available in the literature. The code was applied for the problem of 

interest to BARC i.e. laser melting. This code is available as analysis tool to 

BARC. With this work, a major part of the project can be concluded.   

        Wei Han [24]: Studied laser micromachining processes, especially laser 

drilling and welding of metals and their alloys, for the microscale 

applications. The investigations performed in this study were based on 

analytical, computational and experimental solutions "ACES" 

methodologies. More specifically, this study was focused on development of 

a consistent set of equations representing interaction of the laser beam with 
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materials of interest. In this study, solution of these equations was by finite 

difference method  

“FDM” and finite element method “FEM”, experimental demonstration of 

laser micromachining, and correlation of the results.  

       Herbert Gruhn et. al [25]: developed a finite element model to 

simulate the thermal behaviour of the substrate (materials) during laser 

surface interaction. The results of the model calculation have been verified 

experimentally for alumina and cordierite substrates. Using this model the 

width and the depth of the fabricated lines could be predicted as a function 

of the laser power and velocity. The stresses due to thermal mismatch are 

estimated and identified as the likely reason for crack formation which 

reduces the functionality of the conducting paths; further developments will 

consider different ceramic substrates such as partially zirconia tetragonal 

“PZT”.  

 

2.1.2- Experimental Studies 

     Adel Kh. M. [1]: studied experimentally the effect of laser processing of 

partially stabilize zirconia of three types of advanced ceramic coatings yattria 

partially stabilized zirconia(YPSZ),Al2o3 and zirconia toughened 

alumina(ZTA) “ceramic composite coating” by Nd-Glass pulsed laser. He 

took in to account the laser parameters effect on microstructure surface 

roughness, porosity and the mechanical properties of the sealed layers. 

 

        Mohammed J.K. [18]: used an automatic robot spraying coating 

system to coat a zirconia based ceramic coating of different composition of 

stabilizer and for a range of power 0.4-2.2kW for laser sealing and 1-2.2 kW 

for laser cladding with a range of laser parameter .In this research the depth 
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of the sealed layer obtained with the various combination of laser parameters 

studied ranged from effectively zero to greater than the thickness of plasma 

coating.   

    Mohammed Jasim et. al. [26]: studied the effect of CO2 laser processing 

parameters to determine the operating regimes for laser surface engineering 

of ceramics (laser sealing and laser cladding of ceramics) with particular 

reference to zirconia’s based ceramics. They reported that the specific energy 

required  for laser cladding is higher by at least two orders of magnitude than 

that required for laser sealing of plasma sprayed ceramics at given power 

density.  

    Mordike and Sivakumar[27]: carried out re-melt of 5wt% CaO-

Zro2(150µm thick) sprayed on top of a NiCoAlY bond coat and 8wt%Y2O3-

ZrO2(1mm thick) on top of a NiCrAl bond coat respectively using the 

continuous wave and pulsed CO2 laser .It was found that cracks appeared on 

all surfaces, but a pulsed laser was preferred. The use of external flowing gas 

such as He or Ar leads to more cracking.  

 

      Scottx Mao[28]: studied the effect of applying an overlay of Al2O3 on a 

substrate of 601-NICKEL based CoNiCrAlY alloy bond coat as well as 

zirconia 8% yattira (YSZ) ceramic top coating. He concluded that there is no 

high stress concentration at the interface between the YSZ and bond coat for 

TBCs system without Al2O3 overly. On the other hand, the maximum 

compression stress with a value of 330 Mpa occurs within the Al2O3 overly. 

The maximum tensile stress in YSZ coat near the Al2O3 overly on the range 

of 10-133 Mpa. The maximum compressive stress of approximately 160 Mpa 

occurred near the YSZ bond coat interface. X axis stress play a dominant role 

in influencing the coating failure and spalling.  
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      Mohammed Jasim et. al[29]: reported that, a 2 kW CO2 laser was used 

at different powers of 0.8,1 and 1.2 kW. The effect of traverse speeds in the 

range 5-400mm/sec at a beam diameter of 5mm has also been studied on 

plasma sprayed CaO-ZrO2 coatings. Their experimental results showed that 

the optimum operating conditions for laser sealing are attained at low 

specific energy levels. These resulted in a thin layer which is melted and 

rapidly solidifies to give a relatively smooth and relatively crack-free surface 

of uniform composition.  

 

  Mohammed Jasim et al.[30]: reported that plasma sprayed 8wt%Y2O3-

ZrO2 coatings have been sealed using a C.W CO2 laser with 0.8-1.7KW 

power, 3mm beam diameter and 5-370mm/sec traverse speed. They found 

that the optimum specific energy for sealing is in the range of 1.2-3J/mm
2
.  

The effect of laser sealing of the sprayed layer was to decrease the proportion 

of cubic phase and to increase the non-transformable tetragonal (t′) phase. 

 

      Mohammed Jasim et. al. [31]: made comparison of data between C.W. 

and pulsed CO2 laser. They used laser treatment of plasma-sprayed 8wt% 

yttria partially stabilized zirconia (YPSZ).  This study showed that pulse 

laser processing is capable of producing shiny surfaces of low roughnees on 

a plasma sprayed zirconia coating. The sealed layers have a network of 

cracks, but both the crack width and crack density are less than those 

observed with C.W. laser processing. Depressions within sealed regions 

which are attributed to gas evaluosion and bubbles formation, were present 

but are not considered determinable, as they were shallow. 
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2.2-Concluding Remarks 

     From the previous theoretical and experimental studies it can be seen 

that:- 

1-There were many research studies of the effect of laser sealing in metals 

but there is a little information about laser sealing in ceramics. 

1- Most studies deal with the laser sealed process in the point of view of 

mass flow and heat transfer in three dimensions in superalloys but did not 

deal with heat transfer in ceramic coatings. 

2- Some studies deal with the effect of applying a multilayer of ceramic and 

studying the resulting stresses induced due to rapid heating and cooling. 

3- Experimental research was focused on studying the effect of sealing 

process on the surface  properties and recording the change in surface 

porosity, voids and mechanical properties such as corrosion and wear 

resistance. 

4- Experimental researches studied the laser heating process in welding, 

drilling and cutting, and the heat affected area dimensions. 

  

In this research a one dimensional model for laser surface sealing was 

performed using visual-basic language .Recording the sealed track 

dimensions and the coverage rate dimension. A three dimensional model was 

constructed using Ansys-10 software. The sealed track dimensions, the 

coverage rate dimension, temperature profile and stress distribution in the X, 

Y, Z axis were recorded as results of the sealing process. 
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3.1.Theoretical Analysis. 

       This is concerned with processing advanced ceramic coatings by laser to 

produce a change in their properties in the melted zone only. The question 

which needs an answer before designing a processing procedure includes 

[14]:-  

1-What sort of laser do we need? 

2-How must it be delivered to the sample? 

3-How long should it dwell on the irradiated site ?and 

4-Will there be any unwanted side effects? 

In order to answer these questions, one can try to solve the thermodynamically 

problems of laser heating (re-melting).This can be attempted in a number of 

nearly equivalent ways but all require knowledge of:- 

1-The target optical and its properties during the irradiation. 

2- The laser beam distribution. 

3- The dynamics of the irradiation process. 

4-The processes of phase change in the target material. 

 

As could be expected, it is extremely difficult to solve these problems exactly 

in the general case and it should be re-sorted to some reasonable 

approximation and to the usual procedure of solving the problem that are easy 

to solve. These are then useful as guides to the solutions of the problems that 

can not be solved [14]. 
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3.1.1- General Heat Transfer Problems for Laser Material Processing 

      The equation of heat conduction in a solid with laser energy absorbed on 

the irradiated surface as a heat source will be examined by selecting the beam 

geometry, dwell time and sample configuration, the problem will be reduced 

to solvable one, and dimensional heat flow analysis. We will also include 

phase transformations and calculate the temperature distribution that one may 

produce. Based on first law of thermodynamics. The general equation for heat 

flow in a three dimensional solid is:- 

 

t
C p




 =




 (K




) +




 (K




) +




 (K




) +A(X, Y, Z, t) ------------------(3-1) 

Where ρ, K and CP are the material properties that will depend upon 

temperature and position. The quantity A(x, y, z, t) is the rate at which heat is 

supplied to the solid per unit time per unit volume in J/mm
3
.sec and T=T(x, y, 

z) is the resulting temperature distribution in the material. The temperature 

dependence of the thermal properties results in a non-linear equation which is 

very hard to solve exactly where the functional dependence of these quantities 

on temperature is known. In this work the numerical integration technique 

will be employed to obtain a solution. A further complication arises from 

temperature dependence of A(x, y, z) through that of the material absorptivity. 

When phase transition occurs one can attempt a solution of the problem by 

solving for the transition where appropriate. 

For most materials the thermal properties do not vary greatly with temperature 

but can be assigned an average value for the temperature range to be studied, 

further  simplification is obtained by assuming that the material is 

homogenous and isotropic under these conditions eq.(3-1) reduce to:- 

∆²T-


1

t


 =-



 ),,,( t
 -------------------------------------------------------- (3-2) 
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If there is a steady state:- 

t


=0    and eq (3-2) becomes:- 

∆²T= -


 ),,,( t
 ------------------------------------------------------------- (3-3) 

If there is no heat source as in the case of cooling of heated material the 

temperature distribution will be given by:- 

∆²T=


1

t


 ---------------------------------------------------------------------- (3-4) 

In the time dependent case [14]:- 

∆²T=0 

3.1.2-Governing Case Problem and Boundary Conditions 

     Analysis of the interaction of laser beam with a workpiece is based on 

development of a three dimensional model for the geometry shown in fig.(3-

1). The geometry considered in this research is a finite rectangular workpiece 

irradiated by laser beam impinging on its surface and subjected to convection 

and radiation heat loss. The laser beam is characterized by its:- 

λ = The laser beam wave length “μm”. 

2R= The beam spot size at the surface “mm”. 

I = Power density within the spot “W/mm
2”

. 

  The workpiece experiences a combination of three kinds of heat transfer 

processes:- 

1-Convection. 

2-Conduction and 

3-Radiation. 

   The convection and radiation occur only on the boundary of the workpiece. 

The convection heat loss per unit area of the surface of the workpiece due to 

the external flow conditions can be expressed as:- 
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qc  = hc (T-Tamb) -------------------------------------------------------------------(3-5) 

 The heat flux per unit area caused by radiation is qr. 

 qr = Em S (T
4
-Tamb

4
 ) --------------------------------------------------------------(3-6) 

  In describing this process and for this case rather go through the tedious 

process of solving the diffusion equation we will use the results derived so 

elogantly by Carslaw and Jaeger for this problem they show: 

T (z, t) = ]
2

[
2

t
ierfct

K

aI





 -------------------------------------------------- (3-7) 

 It is clear that the surface temperature is proportional to t  and if there were 

no phase change (melting and vaporization) the temperature would 

continuesly   increase. Note that the energy flux absorbed by the surface is: 

e= 


0

a.I dt =IO* t* aO      ---------------------------------------------------------- (3-8) 

But  because of conduction the surface temperature increase more slowly as  

√t  .This means  a greater  surface temperature  can be  achieved  for a given 

laser pulse  by shortening  the pulse and  increasing  IO[23,32]. 

  

 3.1.3- Theoretical Considerations  

    Laser materials processing is a very complex procedure including various 

physical phenomena such as fluid flow, thermomechanical, and electro-

magnetic effect due to the existence of plasma pulme.In this section, some 

aspects for the physical phenomena during laser materials processing are 

discussed in details, as they all have pronounced influence on the results of 

laser materials processing [24]. 
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 3.1.3.1-Consideration of Laser Beam Properties 

 

     A focused laser beam is one of the highest power density sources available 

to industry.  Properties of the laser beam itself are complicated, since they 

involve the distribution of the laser power in both spatial and temporal 

domains. Depending on the laser beam power distribution that is used in the 

computational model, different temperatures and stresses /strain distributions 

can be obtained and will affect overall configuration and quality of laser 

sealed workpieces. Usually power is assumed to be uniform in analytical and 

computational studies for simplicity, however for the Nd: YAG  laser, a 

single-mode TEM00 beam close to a Gaussian profile occur for most of the 

industrial applications.The Gaussian is a radially symmetric distribution 

whose electric field variation is given by:- 

 Es=Eo exp [-r
2
 /ro].   -------------------------------------------------------------- (3-9) 

The Gaussian source distribution remains Gaussian at every point along its 

path of propagation through the optical system .This makes it particularly easy 

to visualize the distribution of the fields at any point in the optical system. The 

intensity is also Gaussian:- 

Is =ή ES E
*

S = ή EO EO* exp [-2r
2
 /ro

2
].  -----------------------------------------  (3-10) 

The Gaussian has no obvious boundaries to give it a characteristic dimension 

like the diameter of the circular aperture, so the diameter of the size of a 

Gaussian is some what arbitrary. The Gaussian intensity distribution for a 

typical laser can be expressed as  

 I (r) =Io exp [
2

22

r

r
].  -----------------------------------------------------------(3-11) 

The parameter ro usually called the Gaussian beam radius, is the radius at 

which the intensity has decreased to 1/e
2
 or 0.135 of its value on the axis. 
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Another point to note is the radius of half maximum, or 50% intensity, which 

is 0.59 ro . At 2ro, or twice the Gaussian radius ,the intensity is 0.0003 of its 

value on axis, usually completely negligible.  

The power contained within in a radius r,p( r), is easily obtained by integrating 

the intensity distribution from "0" to "r". 

 P(r) =P∞ [1-exp (
2

22

r

r
)]. -------------------------------------------------------(3-12) 

 When normalized to the total power of the beam, P (∞) in watts, the curve is 

the same as that for intensity, but with the ordinate inverted. Nearly 100% of 

the power is contained in a radius r=2ro . One half the power is contained 

within 0.59 ro ,and only about 10% of the power is contained with 0.23 ro ,the 

radius at which the intensity has decreased by 10%. The total power, p (∞) in 

watts, is related to the one-axis intensity,I (0) (W /m
2
), by  

p∞  = [π ro
2
 ] I (0)  -----------------------------------------------------------------(3-13) 

I (0) = p∞  [
2

.

2

r
]. ----------------------------------------------------------------- (3-14) 

The traverse distribution intensity remains Gaussian at every point in the 

system; only the radius of the Gaussian and the radius of curvature of the 

wave front change [32]. 

 3.1.3.2-Consideration of Energy Absorption 

     When laser radiation falls on a surface of substrate, part of it is absorbed 

and part is reflected. The energy that is absorbed to heat and melt the surface 

[15]. According to thermodynamic theory, the general expression of energy 

required for laser sealing process can be determined as [33]. 

e = ρ V [Cs (Tm –Tamb) +Lm],    ---------------------------------------------(3-15) 
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 For rough estimate, the volume of the melted workpiece material can be 

considered as a cylindrical volume that has the radius of the laser beam spot 

radius w, and the height of the thickness of the workpiece. 

 

   Using eq.(3-15) ,orders of magnitude of energies needed to bring 

a”volume”of material from its initial temperature to melting temperature. For 

the energy absorption at the workpiece surface, absorption by electrons need 

to be considered as for the case of laser radiation incident on the surface of a 

metal. An electron that absorbs a laser photon makes a transition from one 

continuum state, Ei, to another state, Ef, with Ef – Ei = hv, the energy of the 

laser photon. The absorption of laser photons may be considered to 

instantaneously deposit energy at the site at which absorption occurs. In 

ceramic, this corresponds to a depth δ:- 

 

δ =
k



4
       ------------------------------------------------------------------- (3-16) 

And:- 

m = n − ik   ------------------------------------------------------------------  (3-17)       

   If Sa is the area of the laser beam on the ceramic surface, then only electrons 

within the volume V ~ Saδ absorb laser photons. These electrons will have 

speeds of v ~ 108 cm/sec and will lose their excess energy over a distance of   

l ~ 10
-6

 cm through collision with other electrons. Because l ≤ δ , the energy 

absorbed from the laser beam is deposited with a distance δ from the surface. 

     The heat source on absorption of Nd: YAG laser radiation by a substrate  

therefore can be considered to be localized at the surface. Part of the laser 

beam irradiated on the surface of the workpiece is reflected back into ambient 

due to reflectivity. Not all irradiated laser absorbed the absorptivity may be 
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enhanced by a variety of factors, including temperature, surface roughness, 

oxidation, and changes in morphology. It also changes at the melting point. 

The effect of an increase in absorptivity is to accelerate the deposition of 

energy from an incident laser beam, which in turn can result in a singularity in 

the overall heating process at specific combinations of laser intensity and 

irradiation time. This effect can be useful in tailoring laser pulse profiles for 

particular laser surface sealing processes[24]. 

 

3.1.3.3- Consideration of Laser Surface Emissivity 

     The absorption of laser beam energy and heat loss due to radiation at the 

workpiece surface strongly depends on the surface emmisivity, Em. In most of 

the passed researches, the value of surface emmisivity Em has been considered 

as a constant for simplification. However, the surface emissivity is 

complicated as it is a function of the temperature of the workpiece, the 

wavelength and the monochromatic hemispherical 

emissivity of the real surface, which can be expressed as[34]:- 

                                            
 

 Em(T) = 



0

4
),(

.

1
 dE

TS 

= 


0

,4
.

1
 dEE

TS
b



-------------------------------(3-18)  

     In many instances, the measured E (λ ,T) value of a real surface is a 

complicated function of wavelength. The simplest approximation of this 

function is to take the emissivity constant with wavelength so that:- 

 Eλ (λ ,T) ≡ Eλ(T) ----------------------------------------------------------------(3-19) 

Under this simplification, the temperature, named the gray body temperature, 

T, is the surface temperature whose monochromatic hemispherical emissivity 

is independent of wavelength. Therefore, in the consideration of real 

procedure of laser interaction with material, it should be noted that the surface 
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emissivity is the function of temperature, so that the variation of this value 

with respect to the change of temperature needs to be included in calculations 

[24]. 

 

3.1.3.4- Consideration of Thermal Conductivity, Absorptivity of YPSZ 

   In  building of  F.E   model there are two parameters that play an important 

rule in results trend towards being not far from experimental results these are:- 

A- Thermal Conductivity. 

Ytrria stabilized zirconia like all ceramic oxide has thermophysical properties 

depend on temperature. In order to take a specific thermal conductivity in 

building the model there were many experiments performed.  

 In taking K=0.9 W/m. ˚K the temperature rises. 

 more than when K=1.1 W/m˚.K and K=2.2 W/m˚.K and in small values of 

velocities the temperature exceed the evaporative temperature of ytrria 8% 

stabilized zirconia ,because of small diffusion of heat to the substrate and 

short time of penetration .The predicted sealing depth was less affected by 

changing K in contrast to sealing width which tends to converge with 

experimental width when the K   rises as shown in table (3-1)[6]. 

 

 B- Absorbtivity (a) 

    Absorptance of thermal radiation from surfaces is a function not only of the 

surface itself, but also of the surroundings. These properties are dependent on 

the direction of the radiation with wavelength may be a very complicated 

function of the temperatures and surface characteristic of all the surfaces   

which incorporate the surroundings [35].It is a pointer of how much heat 

diffuses to the substrate in considering of the entire surrounding environment. 

Considering the best convergent of predicted results with experimental results 
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(a) was taken as 0.7, which shows a good agreement of experimental results 

with predicted results since it affects directly   heat penetrate into the 

substrate.  

 

3.1.4- Thermal Stress Problems in Laser Surface Sealing     

     During laser surface sealing, the heating is localized and, therefore, a very 

large temperature variation occurs over a small region. Owing to this 

temperature gradient, large thermal stresses are generated in the substrate, 

which can lead to the defects in the material such as the formation of cracks, 

spalling and failure of ceramic coating. The stress is related to strains by 

[24]:- 

{ζ} = [D]{έ}   -----------------------------------------------------------------(3-20) 

Where {ζ} is the stress vector, and [D] is the elasticity matrix. 

{έ}={ε} –{ε
th

 } ----------------------------------------------------------------(3-21) 

Where { ε} is the total strain vector and {ε
th
 }is the thermal strain vector. 

Eq-40 may also be written as:- 

{ε}=[D]
-1

{ζ} +{ε
th

 } .--------------------------------------------------------(3-22) 

Since the material is assumed to be isotropic, eqs. (3-20) to (3-22) can be 

written as in Cartesian coordinates as:-  

εxx =1/E [ζxx -  ν (ζyy  +ζzz) ] +άe∆T ------------------------------------------(3-23) 

εyy  =1/E [ζyy  -  ν(ζxx  +ζzz) ] +άe∆T------------------------------------------(3-24) 

εzz  =1/E[ζzz  -  ν(ζxx  +ζzz) ] +άe∆T-------------------------------------------(3-25) 

εxy = (1+ ν/E) ζxY          ---------------------------------------------------------(3-26) 

εxZ = (1+ ν/E) ζxZ      ---------------------------------------------------------(3-27)   

εYZ = (1+ ν/E) ζYZ    ----------------------------------------------------------(3-28) 

 ∆T represents the temperature rise at a point (x, y, z) at time = t with respect 

to that at time at t=0 corresponding to a stress free condition. The principle 
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stresses (ζ1, ζ2, ζ3) are calculated from the stress components by the cubic 

equation. 

 ζxx –ζp             ζxy                ζxz   

     ζxy ζyy –ζp           ζyz               =0   -----------------------------------------(3-29) 

    ζxz                     ζyz                    ζzz –ζp 

 Where ζp is the principle stress. The Von Misses or equivalent stress  "ζ
’
" is 

computed as:- 

 

ζ
’
=√1/2[(ζ1-ζ2)

2
 +(ζ2 –ζ3)

2 
+ (ζ3 – ζ1)

2
].--------------------------------------(3-30) 

      Residual stresses are induced as a result of thermal stresses and defined   

as “self-equilibrating internal stresses existing in a free body which has no 

external forces or constraint acting on its boundary “often in a 

coating/substrate system [36, 37]. Thermal stresses arise to thermal expansion 

mismatch between the coating and the substrate when cooled from its melting 

temperature. Residual stresses may be classified into three types:- 

1-Macro-stresses. are often homogenous ,extending over macroscopic 

distances ,and often arise during fabrication process such as rolling ,cutting 

,machining, joining etc. They occur owing to volume/property differences of 

one region of the material relative to another. 

2-Micro-stresses occur over microscopic volumes such as particles or grains 

and occur owing to the differences in the thermal, elastic and plastic properties 

of the phases and /or grain orientations, and owing to coherency strains at the 

matrix/reinforcement interface [38]. 

3-Root means stresses and strain occur over nanoscopic regions ,sub-grains 

or crystallites and are typically determined from diffraction peak broadening 

or by micro-beam diffraction methods. 
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    In laser surface processing (laser sealing) when the substrate melts, the 

ceramic and the substrate undergo convective mixing over a very short 

interaction time [38]. As the laser beam traverses forward, the molten pool 

cools rapidly (1x10
3
 - 1x10

8
 K/sec) [39, 40].  The convective behavior of the 

molten pool largely depends on the laser conditions such as the laser power 

density, the laser beam size, laser beam profile and the laser interaction time. 

Earlier studies have shown that the average residual stresses developed in a 

metal or alloy surface treated either by a single or series of laser tracks are 

tensile, except for some steels   compressive stresses are developed owing to 

martensite formation [41, 42]. 

 

  3.2-Analytical Solution. 

 

    To gain an insight into process govering interaction of laser beams with 

ceramic materials, solution of eq.(3-1)was examined subject to specific 

simplifying considerations. These considerations, at this time, are limited to 

the assumption that the laser beam is uniformly distributed over a circular area 

of radius “R” on the surface of a substrate, and the laser power density “I” 

equals “IO”“at time greater than 0,i.e. when t > 0. Then using Cartesians 

coordinate, it can be shown [43] the temperature distribution is:- 

T (z, t) = ]
2

[
2

t
ierfct

K

aI





 ------------------------------------------------- (3-31) 

 This equation will be modified by Brugger  one dimensional model to 

construct a computer program in V.B. language. 
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 3.2.1. One-Dimensional Model for Laser Surface Sealing     

      One –dimensional models for laser surface sealing are based on heat 

conduction in one direction, especially in the direction parallel to the direction 

of laser beam movement. Based on analytical solution and the heat 

distribution equation, suppose two layers of material with different thermal 

properties are melted by a constant, uniform radiative flux at one surface as 

shown in fig.(3-2) [44,45]. The coating layer is assumed to be homogeneous 

with thickness of “L”, and initially at uniform temperature “To”. The substrate 

is assumed to have a semi-infinite dimension. The thermal properties of the 

material are assumed to be independent of temperature as in table 3-1. 

Radiation and convection losses are neglected. Suppose the incident radiation 

is absorbed   on the surface of a coating, then the temperature distribution 

along the beam axis in the heated material can be expressed (Matricon and 

Brugger) [44,45] .                    

T (z, t) = ]
4

2
[.4 







 n t

NLZ
ierfct

aI


 --------------------------------------------(3-32) 

Where:- 

 =
1221

1221








--------------------------------------------------------------- (3-33) 

The integral of the complementary error function (ierfc) can be expressed in 

terms of the error function and approximately   can be used to compute the 

error function .The relation between ierfc and erf is:-  

ierfc (m) =


2me

 - m. erfc (m) --------------------------------------------------(3-34) 

Where: - 
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ierfc (m) = 


2me

-  m [1-erf (m)] ---------------------------------------------(3-35) 

The following equation is used to approximate the error 

Function which is accurate to within 2.2x10
-5

(Abramowitz and Stegun)[46, 1].
 

erf (m) =1-(a 1b+a 2b²+a 3b³) e
-m²

--------------------------------------------(3-36) 

Where:- 

b= (1+pm)
-1

; 

a1= 0.3480242; 

a2= -0.0958798; 

a3= 0.7478556; 

p= 0.4747[51]. 

Sealing depth and width can be calculated from eq.(3-32), considering that 

when T= Tm the substrate will experience changing from solid state to liquid 

state and the sealed dimensions can be reported. 

 

3.3- Computational Investigations 

 the governing equation of  the heat transfer problem of the laser sealed 

ceramic coating processes was solved by using two methods, first by finite-

element method and by using visual –basic programming language.  

 

 3.3.1-Visual Basic Programming Method 

          According to modification of Bruggers model for laser sealing track 

width and depth and beam profile expression   a computer simulation model to 

predict the melted track width, coverage rate and melted track depth of laser 

sealed ceramic coatings on metallic substrate  was used fig. (3-2).  

 The input data for the model  listed in Table.(3-1) can be classified into three 

groups: 
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A-The first contains the properties of ceramic coatings:- 

  1-The thermal conductivity. 

  2- Thermal diffusivity. 

  3-Initial temperature. 

  4- Melting temperature. 

  5- Absorbtivity and  

  6- Thickness of coating. 

 B-The second groups describes the properties of metallic substrate:- 

  1-Thermal conductivity; and 

  2-Thermal diffusivity. 

C-The third group describes the feature of the laser:- 

  1-Laser power. 

  2-Beam size and shape. 

  3-Scaning speed of laser. 

   

The value of intensity of the laser beam depends on the type of the beam and 

its mode (top-hat, Gaussian) fig.(3-3). The mathematical modeling of the laser 

beam intensity distributions based on laser scope measurements. In this part of 

the present research work Bruggers model is modified in order to simplify the 

calculation and to obtain developed computer simulation model in advanced 

visual-basic languages. Compute the sealing width, coverage rate and sealing 

track depth in laser sealing process of advanced ceramic coatings produced by 

plasma sprayed technique on metallic substrate. Fig. (3-4) shows the flow 

chart of the computer program used in the model. As may be observed in 

fig.(3-4) there is a feedback between the computational models, considering 

the effect of the interaction time, scanning speed, power density and melting 

temperature field developed during the laser sealing processing. The output 
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data of the model are the track melted width, coverage rate and track melted 

depth at different properties of metallic substrates and ceramic coatings also at 

different features of laser and under various operation conditions[1]. 

 

3.3.1.1- Modification of Brugger’s Model for Laser Sealing Track Width 

and Depth Prediction 

 To simplify the calculation, Gaussian beam profile is approximated by 

a cone beam profile. In this investigation, a modification of Brugger’s model 

for laser sealing track width and depth prediction was made in order to 

simplify the calculation. Therefore, the use of cone profile would not be 

expected to cause too much error. Assuming a circular, cone distribution laser 

beam with spot size “2R” scanning through a coated surface with speed "v"; if 

the absorbed beam power density is high enough for the speed used, a melted 

track with width” W” and depth" z" will result. Because of longer interaction 

time and higher average beam intensity in the center fig.(3-5)[1]. The melt 

pool would appear to be a partial- spherical shape and the melted width is 

generally narrower than the beam spot size as shown in fig. (3-6)[1]. 

  

 3.3.1.2-Introduction of correction factors into Brugger’s model for laser   

sealing application 

     The use of cone shape beam to approximate the actual near Gaussian beam 

may result in some errors during achieving the sealing track width and depth 

calculations and comparison   with experimental data. From fig.(3-5) and 

fig.(3-6) it can be seen that the cone beam is shorter and thicker than the 

corresponding Gaussian beam for the same power and average power density. 

Therefore, the approximation of Gaussian beam using the cone beam would 

cause over-estimated width and under-estimated depth. To correct this 
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modification factors on Irave and Iyave were introduced for sealing track depth 

and width calculation. By trial and error the most suitable correction factor for 

sealing track width calculation was found to be 0.95 and that for sealing depth 

calculation is 105 i.e. 

Iyave=0.95 Iyave 

Irave =105 Irave    --------------------------------------------------------------------(3-37) 

Where Iyave and Irave  are the modified average intensity along central line and 

off-central line .The objective of introduction of these correction factors in to 

Brugger’s model and using the modified average beam intensity is in order to 

obtain much better agreement between the calculated and experimental data in 

the present research work. 

 

  3.3.1.3-Sealing Track Width Calculation       

         To use Brugger model in calculating the sealed track width, let 2yo in 

fig. (3-6) be the traverse length required at traverse speed "v" to enable a 

surface point to reach melting point Tm, the corresponding distance x from the 

center is therefore satisfied. 

x=w/2 since"w" is the sealing track width as show in the fig.(3-5). Along   "y0" 

(off central line) the beam profile is not uniform. The average beam intensity 

can be found to be.                          

Iyave= 




y

y
y

dy
I

0

= 




y

dy

y

y
I

y

x )1(
0

2

2

  =
3

2
IX-----------------------------------------------(3-38) 

                         

The interaction time in the Bruggers model for sealing calculation is 

therefore:- 

t =
v

y2
 -----------------------------------------------------------------------------(3-39) 
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To calculate sealing track width let z =0 and search for a suitable”yo” from 

Brugger’s model with:- 

     I=Iyave   and    t= 
v

y2
         T=Tm         so that:-  

 When    t=
v

y2
    T=Tm   ----------------------------------------------------- (3-40) 

The sealing track width is therefore obtained from equ. (3-43) to be:-  

w=2x = yr 2               ------------------------------------------------ --- (3-41) 

 A computer program was realized using advanced Visual Basic version-6    .  

To define the sealing track width starting from  yo= r  with an step 0.001  mm 

reduction until the calculated  T  from  Bruggers model equals Tm  .The 

examination of calculation showed that  n= -10  to 10 variation is sufficient for 

the accurate calculations(less than 0.1%calculation error)[1]. 

 

  3.3.1.4- Sealing Coverage Rate Calculation 

    The sealing coverage rate is defined as: 

     C =w.v   --------------------------------------------------------------------- (3-42) 

   The variation of sealing coverage rate with traverse speed under different 

operating conditions were also examined using the model for advance ceramic 

coating and realized using computer program in advanced visual basic 

language. Therefore the calculation of sealing coverage rate using the model 

could be feasible. 

  3.3.1.5- Sealing Track Depth Calculation 

    In the Brugger’s model, a uniform beam is assumed (the power density at 

any point is constant), while in this case the beam along the traversing 

direction varies (according to the location of the point from the laser beam 

center line) therefore some modification of Bruggers model  is required. The  



Chapter Three                                  Theoretical, Analytical And Computational Analysis 

 

  

 43 

depth of a sealing track for a circular beam is defined as the maximum depth 

in the melt pool which is located along the central axis of the incident beam. 

Therefore the beam profile along central lines can be applied. 

The uniform beam in the Bruggers model is replaced here by the average of 

non-uniform beam over the traverse length of “2R”.i.e.  

Iyave =
2

)1(
00
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R

dr

R

r
I

R

dr
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RR

r   ------------------------------------------------ (3-43) 

                         

The beam interaction time along the central line is therefore:- 

 t=
v

R2
. --------------------------------------------------------------------------- (3-44) 

 To obtain melted depth from Bruggers model the temperature at depth h 

should reach melting point of the coating material. i.e. 

T =Tm      at    z= h----------------------------------------------------------------(3-45)

  

Substituting equ.(46-47) into Brugger’s model yield:-                                                      
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   A computer program was built and developed using visual basic version-6   

to find out a suitable depth starting from z= 0 with step of 0.001 mm growth 

until the calculated temperature reaches Tm. The examination of calculation 

showed that n= -10 to 10 variation is for the accurate calculation (less than 

0.1% is calculation error)[1]. 

 3.3.2- Finite-Element Method(FEM)  

 In order to solve the governing equation of the heat transfer problem of the 

laser sealed ceramic coating processes, finite element analysis was performed 

using ANSYS (10) software . 



Chapter Three                                  Theoretical, Analytical And Computational Analysis 

 

  

 44 

 

3.3.2.1- Three Dimensional Model for Laser Surface Sealing. 

      A completely general three-dimensional model of the laser surface sealing 

is not currently available. Since the process include heat conduction in three 

direction and heat convection at surfaces in contact with air and radiative heat   

due to laser sealing, that made the three dimensional modeling very difficult. 

   For the case of laser induced melting of ceramic materials substrate surfaces 

a three dimensional model  can be expressed in fig.(3-7) [25] ,which shows 

the conductive heat flow in the direction parallel to laser beam movement  at 

the top layer of the substrate.  Convection and radiation heat flow occurred in 

the z-direction at the surfaces exposure to the air. Path convection (marangoni 

flow) takes place in the melted pool of sealed layer. It is clear that the three 

dimensional process is very difficult ,since the process includes phase change 

,fluid flow and a contiously moving coordinate to follow the heated area of a 

moving laser source.The simplified three dimensional model is builted by 

ansys-10 software and can by described by :-   

 

3.3.2.2- The Element Description 

       Because of symmetry of the workpiece utilized in the experiments(20 mm 

by 20 mm by 4 mm) and the significant temperature gradient at the spot under 

the laser beam irradiance ,the half of the center piece  with the dimensions 

(10mm by 20 mm by 4mm) was used in the FEM, analysis as shown in fig(3-8). 

      Since in this   analysis a solid 70 is used, hexagonal shape, which has a 

three dimensional thermal conduction capability, the element has eight nodes 

with a single degree of freedom (temperature) at each node. The element is 

applicable to a three dimensional, steady state or transient analysis, the nodes 

distribution shape in the substrate is shown in fig. (3-9). 
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The element also can compensate for mass transport heat flow from a constant 

velocity field of the model containing the conducting solid element is also to 

be analyzed structurally, the element should be replaced by an equivalent 

structural element (such as solid 45 and solid 90) for a similar thermal 

element, with mid-edge node capability as shown in fig.(3-10) . 

 

 3.3.2.3- Solid 70 Input Summery 

     The element coordinate system orientation is as described in coordinate 

systems shown in the fig.(3-9). Specific heat and density are taken into 

account in the transient solution. Properties not input default as described in 

linear material properties. Element load are described in node and element 

loads ,convection or heat flux (but not both) and radiation may be input as 

surface loads  at the element faces i.e. in convection :- 

     Film Coefficient =5 

     Ambient Coefficient =300 K. 

Heat flux value = laser power input per unit area of laser spot (5, 4.2, 3 mm). 

Since the solution is transient (depending on time) the time at the end of load 

step was changing according to the traverse velocity of the laser beam which 

varies from (25-600 mm/sec) and the power range (1000, 1150, 1400, 1450, 

1845W). 

3.3.2.4-Physical Description of The Model 

       In this research, to analogue physical reality of the problem as most 

possible to available. The following assumptions were made in the 

formulation of the FEM. model. 

1-The laser beam is incident at an angle 90°to the surface of the work piece. 
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2-The workpiece is initially at 300°k.Both the workpiece and the coordinate 

mesh are fixed and the beam moves in the positive z-direction with a constant 

velocity “v “as shown in fig. (3-11) A and B[6]. 

3-The traverse electromagnetic mode of the laser beam is simplified to 

uniform distribution of laser (Gaussian distribution) as shown in fig .(3-3). 

4-All thermo-physical properties are considered to be temperature 

independent. 

5-Since laser surface modification involves very rapid melting and 

solidification, convective redistribution of heat within the molten pool is not 

significant (it is in other processes when a liquid pool is permanent) 

convective flow of heat, therefore, is neglected. 

6- The absorption of the laser light (solid laser) by the ceramic is assumed to 

be 70 per cent. The 30 per cent is assumed to be losses dissipated due to 

surrounding environment, and due to the ceramic properties and parameters of 

laser [41]. 

 

 3.3.2.5-Mathematical Description of the Model 

       The transient temperature distribution T(x, y, z, t) satisfies the following 

differential equation for three dimensional heat conduction in a domain (B):- 
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Since there is no heat generation Q=0. 

The initial condition is:- 

T(x, y, z, 0) = T0   for (x, y, z)  B --------------------------------------------(3-48) 

The essential boundary conditions are:- 

T (0, x, z) = T0    ------------------------------------------------------------------(3-49) 
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On the boundary M1 for (x, z) M1 and t > 0 .M1 represents the bottom 

surface of the plate which is considered insulated. 

The natural boundary conditions can be defined by:-  

  

kn

t


– q +h (T-T0) + S Em (T

4
 –T0

4
) =0   -------------------------------------(3-50) 

On the boundary M2 for (x,y,z) M2 and t>0 . M2 represents those top 

surfaces that are subjected to radiation, convection and imposed heat fluxes 

[17]. 

 3.3.2.6- Finite-Element Solution. 

       In order to solve the covering equation of the laser sealed ceramic coating 

of yttria partially stabilized zirconia finite-element analysis was performed 

using the thermo physical properties for ceramic coating, bond coat and steel 

as in table (3-2)[6]. The workpiece is divided to 40 elements in z-direction 

(direction of laser movement), the laser radius is divided to 0.5mm in length 

for various radii, the ceramic coating layer is divided to 10 elements, and the 

bond coat is divided to 2 elements as shown in fig. (3-12).  

The element is hexagonal in shape and mapped meshed with total nodes and 

elements number depends on the laser spot diameter division ranging from 

23425node and 21000elements in laser diameter equal to 5mm to50184node 

and 46000 element in laser diameter equal to 3 mm . In all the steps of laser 

sealing the substrate is assumed to be at constant temperature (300 K) while 

the upper surface  is exposure to both convection and radiation  and all the 

substrate edges are exposure to convection only fig.(3-13). The laser power 

density was taken first constant with changing in traverse velocity after that 

power change and the results taking with various velocities. Since the solution 

is transient the time step should be input in each load step of solution with the 

appropriate sub-step 
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4.1- Results of Computational Investigations 

     In this chapter the results of computational investigations from the finite-

element method, visual basic program and correlation between experimental 

and computational investigation are discussed. Details of all results are not 

reported here but most can be found in previous publications [47-51]; in this 

research work selected results are presented to illustrate important trends.  

 

4.1.1-Results of Visual BASIC (V.B)  

    In this section the results of V.B program are discussed. This is for 

computing the sealed depth and width dimensions and the sealed coverage rate. 

Further information regarding advanced visual basic method has been 

previously published by author[47-53]   

 

 4.1.1.1-Sealing Depth Results  

     Using V.B program enables to investigate the sealed depth according to a 

large range of input data, which makes it available for a wide range of 

industrial applications with different properties. Fig. (4-1) shows how the 

melting depth changes with power at various velocities. It is obvious that 

melting depth increase with increasing power density and decreasing traverse 

velocity. Since in high power density (large amount of heat) penetrates into the 

ceramic coating   leads to melting of the ceramic coating in contrast to low 

power density. Velocity has inverse effect in counting melting depth since in 

high velocity there will be no enough interaction time for heat to diffuse into 

the coating and melts it. In low power densities and high velocities the melting 

depth will be very shallow [53]. 
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 4.1.1.2- Sealing Width Results 

   Fig. (4-2 ) shows the predicted sealing track width at a range of laser power 

density and velocities. It can be seen that the predicted width tends to rise with 

power density rising at the same velocity but lowered with velocity rising at the 

same power, in a narrow range of deviation from the first point. This is due to 

the direct relation of sealing width with power density (especially in diffusion 

heat into the coating, which is high when power density is high), that will be 

exactly inversed when the velocity is high[53]. 

 

4.1.1.3-Coverage Rate     

      As shown in fig. (4-3) the coverage rate changes at different powers. With 

power density raising the coverage rate rise and is lowered with power density 

decreasing. Coverage rate results become high when the velocity increases and 

low when the velocity decreased, since it is multiple thereof these two values 

[53].   

 

4.1.2-Results of Finite-Element Method  

   As was described in section 3.3.1. a theoretical model using software 

(ANSYS-10) was used to predict the sealing track dimensions (depth and 

width), the temperature distribution and residual stresses.  

 

4.1.2.1-Sealing Track ( Depth and Width ) Results 

     Since the most important goal in doing this research is to have a good 

prediction of laser sealed dimensions of an isothermal applications of ceramic 

coating such as in advanced gas turbines and compressors ,the laser sealed 
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width and depth are more accurate in counting and recording the remarks. 

There are several parameters affect the laser sealed width and depth such as:- 

 1- The most important parameters in laser sealing depth and width of ceramic 

coating are the interaction time, since it affects directly   the dimensions of laser 

sealed track. Small interaction time has little effect on laser sealed depth and 

width fig. (4-4), in contrast to large interaction time which has a significant 

effect on the dimensions of laser sealed ceramic coating. This parameter has a 

noticeable effect on the laser sealed width; large interaction time leads to a 

large spot width at the surface while its effect is less significant on the laser 

sealed ceramic depth fig.(4-5). This is due to the low thermal conductivity of 

ceramic which makes its behavior like insulator which hardly diffuses the heat 

to the depth of the coating but the heat easily diffuses to the top layer of 

ceramic coating(a constant thermal diffusion length) as shown in fig.(4-6) and 

the experimental output of this model. It is obvious that the interaction time has 

specific effect on increasing or decreasing the sealed dimensions with a various 

change in the other parameters. 

   

2- Laser Power density has a significant effect on laser sealed depth and width 

dimensions. At low power density the sealed dimensions are less than when 

power is high with all the other parameters kept constant because high power 

density leads to large amount of heat to flow into the substrate which leads to 

increase in the dimensions of sealed tracks. A comparison of sealing depth and 

width change with different power densities are shown in fig. (4-7) &fig. (4-8). 

 

 3- Laser spot diameter ranged from(3-5mm) has less effect on the sealed depth 

and width dimensions[18], with large spot diameter (5, 4.2 mm) the sealed 
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width become wide, inversely with small laser spot diameter (3 mm). Melting 

width is more affected by increasing laser spot diameter since the sealed width 

become wide and the heat affected zone(HAZ) increase while it is not a 

significant effect in case of melting depth as recorded from the computational 

model as shown in fig.(4-9). 

 4-    Sealing depth and width are changed according to the location of laser 

beam; at the beginning of sealing with low power density the sealed width and 

depth are small but increase linearly with the continuous movement of laser 

beam  . This parameter shows how the heat flux of laser spot diffuses   into the 

top layer of yttria stabilized zirconia. And how small the heat affected zone 

because for a very small amount of thermal conductivity and the rapid 

removing of the heat into the substrate which is like a big sink of heat. Fig. (4-

10) shows that the melting width and depth at the beginning of sealing process 

is smaller than at the next steps of laser sealing until reaching a constant value 

for the rest of the substrate. 

                                                                                

4.1.2.2- Coverage Rate Calculation 

Since coverage rate is defined as equ. (3-42):- 

   Cv= w *v ”mm/sec”. 

It is clear that coverage rate affected by parameters that affect both melting 

width and traverse velocity, such that it rises  with “W” and “V “rising and 

lower with these two parameters lowering. Fig. (4-11) shows how the coverage 

rate changes with changing in power density and traverse speed. It can be seen 

that not always true that higher traverse speed would bring higher coverage rate 

especially at lower power density. The speed at which the maximum coverage 

rate occurs depends on the power density used and tends to shift to a higher 
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value when power density increases. The effect of traverse speed on sealing 

coverage rate becomes more dominant when power density is high. Further 

information regarding finite-element method has been previously published by 

author [48, 49, and 50].  

 4.1.2.3- Temperature Distribution 

    Temperature distribution changes according to power density of laser such as 

in low power density the substrate maximum temperature is lower than in high 

laser power density because at high power density more heat diffuses into the 

substrate as shown in fig. (4-12).   

Fig. (4-13) shows obviously that the temperature rise more significantly at high 

power density (198.159W/mm
2
) than in low power density (141.54 W/mm

2
) at 

the same velocity[51]. 

     The most effective parameter in the temperature distribution of laser sealed 

ceramic coating is the interaction time (laser movement in mm / traverse 

velocities) since it affects directly the thermo- physical properties of the 

ceramic coating (thermal conductivity and thermal diffusivity). Temperature 

change depends on interaction time, in low interaction time (large laser 

velocity) the temperature is much lower than when the interaction time is high 

(low velocities).  This is due to the short time for laser beam heat flux to diffuse 

through the material and the rapid rising and lowering in temperature. When the 

interaction time is low with high velocity temperature exceed the melting point 

of zirconia ceramic coating (2973ºK) in several thousand. In high laser 

interaction time the temperature rises rapidly and exceeds the evaporative point 

of ceramic coating [33] as shown in fig.(4-14)[51]. A correlation of temperature 

change with  interaction time with a range of powers is shown in fig. (4-

15)[51]. Fig. (4-16) shows how the nodal temperature changes with interaction 
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time at specified power density and laser spot diameter, and a list of several 

nodes with minimum and maximum temperature of each node. 

 

     Velocity has the same effect of interaction time, such as at low velocity the 

temperature raises rapidly and some times exceed the evaporative point of 

ceramic coating(zirconia) but at large velocity the temperature do not raise 

more than twice the melting point of YPSZ as shown in fig.(4-17)[51].   

    The other parameter affecting in temperature rise is the laser spot movement, 

since in this research the laser beam moves 0.5 mm in each time step to 

simulate laser sealing with particular velocity and to obtain a uniform depth of 

melting [18]. At the first step the temperature is low because the laser heat flux 

is absorbed at once. After several steps temperature rises rapidly with 

cumulative absorption of heat flux until reach the middle of the substrate. When 

it is in a saturated equilibrium of heat, the temperature remains constant for the 

rest of the substrate, as shown in fig. (4-18) and fig. (4-19)[51]. 

    There are two parameters which have less effect on the temperature 

distribution. These   are the shape of the laser beam, such that in rectangular 

beam the temperature distribution at the surface is more than penetration into 

the depth(absorbance of laser power density dependence on who it impinges on 

the surface and the surface area irradiated by laser), while in circular beam the   

heat diffuses into the depth of the ceramic coating It is also shown that the 

diameter of laser spot   also affects the temperature distribution, in large spot 

diameter (5, 4.2mm) the heat diffusion is greater at the surface. While in the 

small spot diameter (3mm), the temperature diffusion at the surface is less than 

in the depth as shown fig.(4-20 and 4-21)[51].  
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  4.1.2.4-  Thermal Stresses   

    With the function of transient thermal analysis and thermal-structure 

coupling of ANSYS (10) , the residual thermal stress of the TBCS was 

numerically simulated. Since in this research a three dimensional finite-element 

model was studied with a range of power density and with a various traverse 

velocity and laser parameters and considering that the examination of residual 

thermal stresses with these different data will make the ability to have an 

insight view too complex. So the residual stresses will be studied at the 

particular power density equal to 141.54W/mm
2
 and a traverse speed equal to 

80 mm/sec with all others data as in table:6-1[52]. 

The values of the residual thermal stresses are not only related to the physical 

properties, but also associated with the thickness and the temperature 

distributing of each layer [16]. Since the coefficient of thermal expansion   

(CTE) of the steel alloy is 14.2 x10
6
 W/m.K greater than CTE of YPSZ 

10.8x10
6
 W/m.K and CTE of the bond coat is 12.4 x10

6
 W/m.K so compressive 

coating stresses are developed. As shown in fig.(4- 22) it can be seen that the 

maximum stress at the interface between the bond coat and the coating 

especially at the middle of the bond coat thickness and have a value of 219.777 

Mpa at power density 141.54W/mm
2
 and velocity =80 mm/sec[52]. 

   While the X- axis stresses (σX) within the TBCs is shown in fig.(4-23). σX 

stresses of YPSZ is tensile in nature but become compressive adjacent to bond 

coat layer and at the top layer of YPSZ coating with a maximum value of 

689.672 Mpa and minimum value of -988.200 Mpa,while a compressive stress 

of 2805 Mpa is in the edge of the ceramic coating  . Y- axis stresses (σY) shows 

a compressive behavior around the top face of the substrate and tensile in the 
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middle as shown in fig.(4-24)with maximum value equal to 276.888 Mpa at the 

top area of the substrate and minimum value of -1.2 Mpa[52]. 

   Z- axis component of stress shown in fig.(4-25) have its maximum value 

equal to 508.264 Mpa and minimum value equal to 1.02 Mpa.This implies that   

the X-axis component of stress play a dominant role in influencing the coating 

failure and spalling. 

 

4.1.3-Correlation Between Computational and Experimental Results  

     To evaluate the computational results a correlation between experimental 

results (which are obtained by previous experimental work by [1, 18]) and 

computational results (obtained by using finite-element software ANSYS 10 

and an advanced computer program V.B) was performed.  Each method results 

were correlated with experimental results and then two methods were correlated 

together with experimental results. This was to be able to decide which method 

has good agreement with experimental results.  

 

4.1.3.1-Correlation Between Computational and Experimental Results of 

Sealing Depth  

Fig. (4-26) shows a comparison of V.B. results with experimental results which   

obviously have less agreement( 60% )  with experimental results since it is one 

dimensional assumption(considering heat flux in one direction only) of three 

dimensional processes(convection ,conduction and radiation of heat) and it is 

ideal description of the sealing process. Depending on experimental results[57], 

the relationship between the depth of sealing with the acceptable limits and 

specific energy at low powers is given by a power law:- 
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Zth=0.04 S
0.4
………………………………………………………(4-1) 

Where Zth is the depth of sealing (mm) and S is the specific energy (J/mm
2
). 

This equation, with S raised to the power 0.4, was found to apply 

approximately to all the composition of ceramic coating except 30%  CaPSZ. 

      As shown in fig.(4-27)  a good agreement(ranged from 58% in some points 

to 72% in the others while in some points a more than 95% convergent is 

obtained) of  finite-element  results with experimental results are obtained when 

the power density rise. While these results diverge when the power density 

tends to go down, especially when the laser diameter is large (laser system 

results are not accurate with low power density and simple model is not 

accurate at low power density and needs re-infinement).  It is obvious that 

experimental and FEM results have the same trend in having small amount of 

sealing depth with continuous increase in traverse velocity.  So to have a good 

sealing process of ceramic coating (nearly equal to coating thickness) it is 

important to control the traverse velocity of laser sealing.     

Fig.(4-28) shows a comparison of these two methods results (change with 

velocity change) with experimental results. Finite element results are the most 

convergent with experimental results since the FEM IS a three dimensional 

model of the sealing process. And the sealed depth is less affected by the 

reflected heat flux, the properties of ceramic coating surface. while the 

theoretical results (V.B and the equation) diverges from experimental results 

but converges with each other. 

Fig. (4-29) shows how these results change with interaction time. The 

theoretical prediction depending on finite-element and V.B program   almost 

converge  while experimental and the equation which is built basing on 

experimental observation converge  together(because the equation is built 
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depending on the experimental results observation )while the FEM,V.B. are 

theoretical description of the process. 

 

4.1.3.2- Correlation Between Computational And Experimental Results Of 

Sealing Width  

Fig. (4-30) shows V.B. results in comparison with experimental results, which 

have a very good(93%) convergent with each other. Since in V.B. program 

diffusion of laser heat flux in one dimension which certainly has less losses 

than three dimension process consideration. A correlation of sealing width 

experimental results with FEM results is shown in fig.(4-31) which shows how 

these results have the same trend in rising with laser power density increase and 

decreasing when power density decrease  specially when the laser spot diameter 

is large. In general these results are less convergent(65%-83%) with 

experimental results since  it was assumed that the laser diffuses perpendically 

at the surface at each node in the range of laser spot diameter not taking into 

account the amount of reflected heat flux, and the amount of material removal 

during exposure to a high power density, and time consideration to measure the 

sealed track experimentally.  

    In correlations between sealing width experimental results and computational 

results fig.(4-32) and fig.(4-33) shows that the results decrease with velocity 

increase(small interaction of laser heat flux with coating). In contrast when the 

interaction time increase the melted width increase at different velocities (heat 

flux will have time to penetrate into the coating).  
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4.1.3.3- Correlation Between Computational and Experimental Results of 

Sealing Coverage Rate 

      Coverage rate is a multiple of traverse velocity and sealed width so the 

parameters affect sealed width have a significant effect on counting      

coverage rate such as shown in Fig.(4-34), the results converge(75% -98%)  

with each other in V.B. better than in FEM since the traverse velocity is the 

same in two methods. And V.B. gives a good prediction of sealed width 

calculations because in the building of V.B program   focusing was on the heat 

conduction process in one direction neglecting the other parameters (which 

make the results far from experimental results). In fig.(4-35) the coverage rate 

increase with  increasing in power density and velocity. It can be seen that the 

overestimate of FEM sealing width results affect  the prediction of coverage 

rate results (since it is permanent results not taking into account the time 

required for experimental instruments ,which are bulky and time consuming to 

measure the sealed width, and the difficulties in measuring process with a very 

small affected zone” HAZ”).A 66% to 95% convergent is obtained.  
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      For industrial applications of laser sealing process, it is necessary to 

know the dimensions (width and depth) of the laser melted tracks under 

various operating conditions, coating thickness and materials properties. 

Experimental work would give operating conditions and their effects on 

sealing quality under some specific situations. These results may not be 

applicable to a more general case. Therefore theoretical models should be 

investigated for the prediction and optimization of laser sealing process, 

the following conclusion can be observed:- 

1-The predicted sealed depth has a very good agreement with 

experimental results, in both The FEM method and V.B. method in 

contrast to the predicted sealed width which is more convergent in V.B. 

results than in FEM results. 

2-Temperature distribution at the substrate surface of the sealed advanced 

ceramic coating differs with its distribution at the inner elements which is 

less experience to laser heat flux exposure. 

3-At high power density and low traverse velocity, temperature exceeds 

the evaporative point of advanced ceramic coating, which is not 

reasonable. 

4-In order to obtain a good sealing process (equal to coating thickness or 

less) the power density must be high enough with minimum radius of 

laser beam. 

5-To avoid diversity of computational results with experimental results 

laser beam diameter must be carefully chosen with consideration of 

applied power density and traverse velocity, especially at low power 

velocity and high traverse velocity. 

6-Laser beam traverse velocity must be controlled avoiding low traverse 

velocity which is sufficient for laser drilling, cutting rather than laser 

sealing. 

  

7-The heat affected zone is almost equal to the laser spot diameter in the 

direction parallel to the direction of laser movement. 

  5.1- Conclusions 
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8-Maximum residual thermal stress occurred at the interface between the 

bond coating layer and the ceramic oxide layer, exactly at the middle of 

the bond coating layer. 

9-Compressive residual stress occurred at the ceramic oxide layer which 

is gradually going to be tensile   at the interface between the bond coat 

and the steel layer. 

10-The most important stress is the X axis stress since it affects   the 

shape of deformed advanced ceramic coating. 

11-Thermal properties have a significant role in changing the behavior of 

the advanced ceramic coating in responding with applied power density. 
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     Because of the importance of laser sealing processing of plasma 

sprayed ceramic coatings and for further work in this field for achieving 

better results ,we list the following suggestions:- 

 

1- Studying the effect of laser surface processing on other coating 

properties, and make comparisons of results. 

 

2- Studying the effect of applying another coating layer, with its effects 

on the temperature distribution and residual stresses. 

 

3-Studying the laser processed layers effect on reducing the cracks 

induced due to plasma spraying. 

 

4-Studying the coating thickness effect on the dimensions of sealed layer. 

 

5-Construction of a simulation model calculated the temperature 

distribution, residual thermal stresses in FDM of laser sealed ceramic 

oxide. 

 

6-Studying the effect of TBCS with different bond coat layer on the 

sealing process. 

 

7-Using FEM APDLE language to simulate the laser sealing process with 

laser parameters consideration (as wave lengh, distance from the surface, 

angle of radiation) taking into account. 

 

8-Built a three dimensional model for laser sealing process taking into 

account fluid flow and heat flow in three dimensions.  

 

9-Studying the sealed coating to evaluate its mechanical properties such 

as ductility and fracture toughness. 

 5.2- Suggestions for Future Work 
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Abstract 
  

      For industrial applications of laser sealing processing (laser surface 

melting), it is necessary to know the dimensions (width and depth) of the laser 

sealed tracks under various operating conditions of coating thickness and 

material properties.  The problem is that there is no exact measuring device that 

can follow the behavior of surface temperature (sensors are slow compared 

with laser) and with the difficulties in experimental work and the high costs of 

advanced ceramic materials it will be necessary to predict theoretically   the 

results of laser sealing (melting) process. 

 

   This prediction was in two ways:-Theoretical (using heat transfer equations to 

build a case study of the problem and solve it by constructing a computer 

program “Visual BASIC “, based on Brugger model) to predict the sealed track 

dimensions , and coverage rate results. The second way is the  Finite- Element 

method (building a simulated model and record the dimensions of sealed track, 

temperature distribution and  thermal stresses). The results of these methods are 

compared with experimental work of laser sealed partially stabilized zirconia as 

advanced thermal barrier coating which shows a more than 80% convergent in 

sealing depth results with power densities (141.54, 198.154 and 133.23 

W/mm
2
) but 73.9% convergent with power density58.59 W/mm

2
, while a 70% 

convergent in calculating sealing width with powers (141.54, 198.154 and 

133.23 W/mm
2
) but a 66% convergent with power 58.59 W/mm

2
. 

 

The predicted results showed a good agreement (ranged from 60% to 95%) 

with experimental results specially in the prediction of sealing depth which is 

less affected by surrounding environment in contrast to the melting width 

which is severely affected by laser parameters (power density, beam diameter, 

laser mode) and the properties of advanced ceramic coating material such as:-    

(reflectivity, absorbtivity and thermal conductivity). The thermal barrier coating 

(TBC) temperature was recorded and   sometimes exeed the evaporative point 

of TBC. It can be seen that the heat affected area by laser beam is almost equal 

to the diameter of laser beam. Also this research gives an insight to the 

behavior of temperature distribution on the substrate.  The resulting thermal 

stresses induced due to rapid heating and cooling of the TBC were calculated. 

A compressive stress induced in the top layer of ceramic coatings and a tensile 

stresses induced in the interface between the ceramic coating and the bond coat 

layer. 
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