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Laser surface modification involves rapid melting and solidification is an elegant 

technique used for locally tailoring the surface morphology of alumina in order to 

enhance its abrasive characteristics. COMSOL Multiphysics® based heat transfer 

modeling and experimental approaches were designed and used in this study for single 

and multiple laser tracks to achieve densely-packed multi-facet grains via temperature 

history, cooling rate, solidification, scanning electron micrographs, and wear rate. Multi-

facet grains were produced at the center of laser track with primary dendrites extending 

toward the edge of single laser track. The multiple laser tracks study indicates the 

grain/dendrite size increases as the laser energy density increases resulting in multiplying 

the abrasive edges which in turn enhance the abrasive qualities.  
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CHAPTER 1 

INTRODUCTION 

1.1  Overview of Alumina 

Alumina (Al2O3) is a commonly used material suitable for various applications 

including high temperature and corrosion environments, biomedical, structural, and 

surface finishing [1-7]. The most common form of crystalline α- alumina comes in the 

form of corundum and has a hexagonal closed-packed crystal lattice. Alumina has 

significant mechanical characteristics including high hardness and high wear resistance at 

elevated temperatures. On the Mohs scale, corundum has a value of 12 while diamond 

sits at 15 [8]. In addition, alumina is usually synthesized as a porous material through 

sintering for various reasons such as improving “permeability to gases and liquids for 

porous diaphragms and diffuser plates, to increase the thermal insulation of refractories, 

and to improve the fuel combustion in radiant heaters” [8].  

The combination of high hardness, high performance at elevated temperatures, 

and porous surface make alumina an ideal material choice as an abrasive tool for material 

removal processes. The surface of an alumina material removal tool (ex. grinding wheel) 

consists of abrasive grains held in place by a low-melting point bond material [9]. As the 

wheel progresses through its tool life, the abrasive edges on the surface begin to dull and 

fracture off. As these abrasive edges begin to “dull” or fracture off all together, the 

surface quality of the work piece and the material removal efficiency of the tool in 

general will deteriorate. Furthermore, as the alumina tool begins to remove chips from 

the work piece, these chips could become embedded in the porous surface of the wheel. 
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This would also be detrimental to the overall grinding efficiency of the wheel. The 

continuity of the alumina wheel will be compromised by chips of the work piece [9-12]. 

 

1.2 Surface Modifications 

In order to improve the abrasive characteristics, new abrasives edges need to be 

revealed, as well as removal of foreign contaminates that have polluted the surface. For 

this to be done, the alumina tool must undergo surface modification. Surface modification 

is an operation or process that is designed to generate a specific surface topography [9].  

Conventional methods for the surface modification of alumina consist of using a dresser 

embedded with diamond particles to mechanically dress the surface, revealing “sharp” 

abrasive features [13]. However, this process results in excessive deterioration and loss of 

grinding wheel material. In fact, only 10% of the wheel material by volume is loss during 

the actual grinding process. The other 90% is actually removed during the diamond tool 

surface modification process [12]. Even though it is effective in producing new abrasive 

edges, diamond tool surface modification also induces stresses and causes deep cracks 

within the material. In addition, the diamond dresser will begin to show signs of wear, 

and the surface modification capabilities will begin to diminish. Conventional surface 

modification methods not only result in massive loss of alumina, but also require upkeep 

and replacement of the diamond dresser in order to maintain adequate results. 

Laser surface modification (LSM) is a flexible and convenient technique for 

improving the surface properties of ceramics. High power lasers are currently used for 

various machining and manufacturing applications such as welding, drilling, and cutting. 
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LSM is a very fast process and potentially automated process. A process utilizing LSM 

can produce consistent results which is very favorable for process reproducibility. 

Furthermore, LSM is a non-contact technique which, incidentally, removes the factor of 

needing to replace a mechanical tool. When performing LSM, high heating and cooling 

rates are associated for the rapid change and solidification in the microstructure and 

hardness as well [9-12]. The thermal processing from LSM can lead to physical 

transformation effects such as melting, vaporization and plasma formation of most 

materials. In order to effectively utilize LSM, these thermal effects must be controlled to 

achieve the desired results. 

 

1.3 Laser Surface Modification for Alumina 

In the past, the use of LSM to manipulate the surface topography and improve the 

properties of alumina has been a subject of study [9-12, 14-18]. During LSM, the alumina 

surface topography is modified by rapid melting of the material and experiences rapid 

solidification. The rapid heating and cooling can form micro cracks along the surface of 

the re-solidified layer of alumina. While these micro cracks could potentially be seen as 

an undesirable feature since it contributes to the overall porosity of the surface, previous 

studies [9] have shown that these cracks actually aid in removing the re-melted layer 

during the grinding process. By doing so, new cutting edges are exposed [9]. However, 

removing the re-melted layer is not an objective of this study. 

 By changing laser processing parameters (i.e. laser power (W), scanning speed 

(mm/s), fill space (mm), length of scan (mm), etc.), one could tailor the surface 
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topography. At high enough laser power, the laser removes material from the wheel by 

ablation as well as the low-melting vitrified bonding material. By removing the bonding 

material, the surface of the material that has undergone LSM now consists of “pure” 

alumina (“pure” in the sense that no bonding agent is evident). Several studies [9-12, 14-

18] have been conducted which explore the possibilities and effects of laser surface 

modification of alumina. For these studies [9-12, 14-18], a laser was focused directly 

normal to the surface of the alumina, with high enough energy to cause surface melting 

and vaporization. For porous alumina, the molten material flows outward from the point 

of laser-alumina contact and downward through the interconnected porous surface. This 

drastically reduces the surface porosity of the region that experiences rapid solidification. 

The surface morphology is greatly influenced by the laser energy density (J/mm2). 

Generally, the surface porosity of alumina decreases with increasing laser energy density. 

Furthermore, the high power of the laser ablates any foreign contaminates from the 

surface [9-12]. In the case for material removal processes, this is essential to remove any 

chips from the work piece that has been lodged in the surface of alumina.  

Compared to conventional heating methods, heating and cooling rates associated 

with laser surface melting are orders of magnitude higher. For this study, the heat flow 

from laser processing can be approximated using two fundamental conditions: steady 

state and transient. However this study falls within the category of Fourier’s second law 

for transient conditions: 

                   (1) 
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where  is the energy generation per unit volume (J s-1m-3),  is the density (kg/m3),  is 

the specific heat capacity (J kg-1K-1),   is the temperature (K),  is the thermal  

diffusivity (m2/s), and t is the time(s). In the transient state condition, a thermal cycle is  
 
exhibited at a location in the material [19].  
 
 When dealing with rapid solidification, the most important factor is cooling rates 

associated with solidification of the molten material. Cooling rates at the surface of the 

sample can be calculated from the solution of heat transfer equation: 

                                                                                                    (2) 

where   is the distance (m) [17]. Given that increasing the energy generation of the laser 

(refer to Equation 1), the cooling rates should increase as well, which will have a direct  
 
effect on the solidification rate:                                                                  
  
                                                                                (3)               (13) (4) 

When using high power lasers, rapid melting occurs at the surface, resulting in the 

formation of a melt pool. The melt pool may not be distributed evenly across the surface. 

For instance, radial temperature gradients on the order of 102 – 104 K/mm develop 

between the center of the forming of the melt pool and the much cooler solid/melt 

interface. This is especially so when processing with Gaussian beam, since the energy 

distribution is delivered primarily at the center of the beam. Therefore, the melt depth is 

larger at the center of the melt pool. When the melt pool is created using a high power 

laser, the molten material begins to exhibit fluid flow motion before rapid solidification 

can occur. One factor that governs the fluid flow behavior of the molten material is the 
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surface tension. For most materials, the coefficient of surface tension increases within the 

melt pool as temperature decreases. As a result, surface tension gradients drive molten 

material flow from the center of the melt towards the edges (Marangoni flow) [19]. 

When performing LSM, there are four distinct zones that could be distinguished 

where the heat is applied by the laser: fusion zone (FZ), partially melted zone (PMZ), 

heat affected zone (HAZ), and base-material (BM) (Figure 1). The size of these regions 

will be dictated by the energy distribution of the laser. In this case, the non-homogenous 

Gaussian energy distribution will directly affect the size and behavior of these zones. 

 

Figure 1: Schematic of (a) lateral and (b) cross-sectional views of four zones of transient 
laser processing 

 
The primary change in microstructure will occur in the fusion zone; here is where 

the portion of the sample surface experiences the most melting. However, the other zones 
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can potentially experience microstructural changes based on the heating and cooling 

rates. Across a single laser track, the heating and cooling rates, temperature gradients, 

and solidification rates will be different due to the non-homogenous temperature profile 

from the Gaussian energy distribution. After the material stops receiving heat (energy) 

from the laser, rapid solidification will occur. Initial solidification occurs in two stages: 

nucleation and growth. Solidification ordinarily begins with the formation of solid nuclei 

on the surface of the unmelted substrate. This is due to the sever contrast in temperature 

between the molten material and the solid substrate beneath the melt pool (solid-liquid 

interface). In this case, the total free energy associated with this nucleation is given by: 

             (4) 

where   is the bulk free energy per unit volume of the transformed material,  is the 

radius of the nucleus,  is the surface free energy per unit area between the solidified 

nucleus and molten material, and  is the wetting angle [20]. For melting the surface 

of a material, various microstructural features could potentially be produced including  
 
epitaxial grains, coarse grains, and dendrites. The governing factors that may determine  
 
which features will be produced are the heating and cooling rates.  
 

Previous studies [12, 25] have shown that the primary features produced are  
 
epitaxial. In the scenario, the atoms of the molten material are deposited directly on the  
 
existing crystals on the substrate surface that lies beneath the melt pool. This will extend  
 
the crystalline structure of the substrate alumina to the surface of the newly solidified  
 
layer. Since the melt pool material is the same as the substrate, the pool completely wets  
 
the surface of the substrate. Consequently, that means that the wetting angle is zero, and  
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according to the Equation 4, the critical free energy,  should also equal to zero. As a 

result, the grain growth occurs spontaneously from the base material [20].  
 
Previous studies [9-12] indicate that due to the rapid solidification rates, two 

distinct types of microstructures are produced: dendrites and multifaceted grains. From 

these two types, the multifaceted grains are of special interest. The grains, which have a 

polygonal shape, display well-defined edges and vertex that act as potential cutting tools 

on the surface of the newly modified alumina [9]. Beneath the grains, there is evidence of 

an arrangement of cuboidal crystallites. These grains appear to be the end result of a 

systematic stacking of the crystallites [12]. The grains and dendrites perform as the new 

“sharp” edges of the surface and provide improved abrasive qualities [14]. 

 Material removal mechanisms can be formulated using indentation fracture 

mechanisms. In this case, the multifaceted grains act as a square pyramidal indentor with 

tangential motion along the surface of the work piece [21]. The solidification of the 

molten alumina proceeds from the interface of the melt pool and the porous substrate. 

The interface provides the catalytic nucleation sites for the heterogeneous nucleation and 

growth of the crystals (i.e. multi-faceted grains). As the laser energy density increases, 

more volume of the sample will melt and larger cooling rates are associated with it. 

Higher laser energy densities produce further growth of the multi-faceted grains that 

cover the larger areas of the surface, thus reducing the interconnected surface porosity. In 

addition, the surface grains deviate from the polygonal shapes, resulting in the enhanced 

ability to arrange in more compact manner to cover the surface area [7]. The size of the 
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multi-faceted grain increases as the laser energy density increases. Consequently, the 

roughness and surface porosity decreases as the laser energy density increases [17]. 

Objectives and Organization of the Thesis 

The objective of this thesis is to understand the significant effects and 

fundamentals of LSM of alumina using single as well as multiple laser tracks for various 

laser processing conditions. LSM of alumina is expected to tailor and refine the surface 

morphology that could enhance the abrasive qualities (number, size, and distribution of 

distinguished multi-faceted grains) of alumina. Computational and experimental 

approaches are designed and implemented to study as well as obtain optimum processing 

conditions (laser power, fill space, and scanning speed) for achieving more appropriate 

multi-faceted grains thereby increasing the abrasive qualities.  

 The thesis is structured in a manner which best describes the methods for 

obtaining the previously mentioned objectives. Chapter 2 describes the laser system used 

as well as the processing conditions in which the alumina underwent LSM. Chapter 2 

also describes the wear test procedures and material characterization techniques used to 

analyze the surface morphology of the alumina. Chapter 3 discusses the computational 

modeling approach for the single and multiple laser track samples, including boundary 

conditions and data collection methods. Chapter 4 addresses the results of the 

characterization analysis of the single and multiple laser track samples as well as the wear 

test results. Chapter 4 also discusses the computational results (temperature profile, 

cooling rate, and solidification rate) for each heat transfer model, based on their 

respective processing conditions. Chapter 5 is a summarization of the results obtained 
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throughout the thesis. Chapter 6 expresses the desired approaches for future work 

regarding LSM of alumina. 
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CHAPTER 2 

EXPERIMENTAL PROCEDURES 

2.1 Laser System 

An Ytterbium doped Nd-Yag Laser System (YLS) 3000 (equipped with a fiber- 
 
optic beam delivery system) was used in continuous mode for laser surface modification  
 
of alumina (Figure 2). The laser system emits a Gaussian beam with a diameter of 0.6  
 
mm. Using the laser marking software WinLase Professional, processing conditions such  
 
as scanning speed (mm/s), fill space (mm), and power (W) were changed for each  
 
sample. However, for single laser track samples, scanning speed remained constant and  
 
no fill space was selected (Table 1). For the multi-track samples, laser processing  
 
conditions including four laser powers (600, 800, 1000, and 1200 W), three fill spaces  
 
(0.3, 0.45, and 0.6 mm), and three scanning speeds (20, 30, and 40 mm/s) were selected  
 
to produce a total of 36 experimental conditions (Table 2). The laser energy density was  
 
calculated using  
              (5)  

where  is laser power (W),  is beam radius (mm), and  is the scanning speed (mm/s) 

[22]. The laser energy density is the mechanism that changes the surface morphology in  
 
LSM and relies heavily on the scanning speed and laser power.  
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Figure 2: Schematic of laser system set up 
 

Table 1: Laser Processing Parameters for the Single Laser Track Study 
 

Power 

(W) 

Scanning Speed 

(mm/s) 

Beam Diameter 

(mm) 

Laser Energy Density 

(J/mm2) 

600 20 0.6 63.69 
800 20 0.6 84.93 
1000 20 0.6 106.16 
1200 20 0.6 127.39 
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Table 2: Laser Processing Parameters for the Multiple Laser Tracks Study 
 

Fill Space (mm) 
Power 

(W) 

Scanning Speed 

(mm/s) 
Beam Diameter (mm) 

Laser Energy Density 

(J/mm
2
) 

0.3 

600 
20 

0.6 

63.69 
30 42.46 
40 31.85 

800 
20 84.93 
30 56.62 
40 42.46 

1000 
20 106.16 
30 70.77 
40 53.08 

1200 
20 127.39 
30 84.93 
40 63.69 

0.45 

600 
20 

0.6 

63.69 
30 42.46 
40 31.85 

800 
20 84.93 
30 56.62 
40 42.46 

1000 
20 106.16 
30 70.77 
40 53.08 

1200 
20 127.39 
30 84.93 
40 63.69 

0.6 

600 
20 

0.6 

63.69 
30 42.46 
40 31.85 

800 
20 84.93 
30 56.62 
40 42.46 

1000 
20 106.16 
30 70.77 
40 53.08 

1200 
20 127.39 
30 84.93 
40 63.69 
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2.2 Wear Test Apparatus 

A typical method to conduct wear study is the use of a pin-on-disc wear system in 

which a sample is fixed securely onto a chuck. The sample then rotates up to a high 

rotational velocity while a fixed pin (usually a hard material such as tungsten carbide) 

makes contact normal to the surface of the sample. The pin has an applied load to ensure 

continuous contact with the sample throughout the test. While this method is common, it 

is suited primarily to determine the wear resistance of one’s sample. This is not the case 

in this study. To determine the actual effectiveness of the newly altered abrasive 

characteristics of laser modified alumina, an inverse method of the typical wear test set 

up was utilized (Figure 3). 

 
Figure 3: Schematic of (a) conventional and (b) inverse pin-on-disc wear tests 
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The approach used in this study (Figure 3 (b)) consisted of using a high power 

drilling tool (capable of rotational speeds up to 35,000 rpm) equipped with a steel pin. 

The reason for using such a high speed tool is to attempt at simulating an actual grinding 

scenario. By doing so, the possibility of obtaining more credible data increases. The 

drilling tool would then be placed securely in a makeshift holder and then mounted on an 

aluminum fixture. This approach was utilized since the conventional wear test set up 

could not rotate the chuck holding the alumina sample to necessary speeds to conduct this 

test. Therefore, the alumina sample was held firmly stationary using a table top vice. 

Each sample that underwent wear test was subjugated to 5 tests at different locations 

for different time durations. Each sample underwent wear test time durations of 10, 15, 

20, 25, and 30 seconds, respectively. The following are the three objectives for the wear 

tests: 

 Determine the wear rate of the alumina sample (Equation 6) 

 Determine the wear rate of the steel pin (Equation 6) 

 Determine the wear rate ratio using the wear rate of both pin and sample 

(Equation 7) 

               (6) 

         (7) 

The ideal laser processing condition would produce a modified alumina surface 

that would remove large amounts of material of the steel pin but also preserve mass of the 

alumina sample. Therefore, the ideal processing condition would produce high wear rate 

of the pin and low wear rate of the sample. A low wear rate of the alumina sample is 
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important because it represents the tool life of the alumina sample. Theoretically, the 

lower the wear rate of the sample, the longer the sample’s tool life should be. 

The mass of the alumina sample and steel pin were collected before any tests were 

conducted as well as after each wear test time duration (Figure 4). 

 

 
 

Figure 4: Top view representation of a laser processed alumina sample indicate the 
locations and respective time durations  

 
With 36 samples and 5 wear tests performed for each sample, a total of 180 tests were 

performed. The results from these tests are addressed in Chapter 4. A load of 1 lb was 

used during each test to ensure that the pin maintained contact with the surface of the 

sample. The pin was rotating nominally at 30,000 rpm for each test.  

This method of performing the wear tests is a novel approach. Ideally, a scenario 

where the alumina sample rotates and directly grinds against the surface of a much larger 

steel sample would prove much more accurate and yield far greater results. However, the 

equipment for performing such a test was unavailable. In this study, the pin remains in 
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contact with the alumina sample in only one location. This novel approach suffices in 

providing adequate data for this particular study. Still, there is room for improvement in 

terms of devising a small scale wear study to analyze the abrasive qualities of laser 

surface modified alumina. 

 

2.3 Characterization Equipment 

Prior to undergoing the wear tests, the microstructure for each sample was  
 
characterized using an FEI Nova NanoSEM 230. Despite that alumina is non-conductive  
 
material, the samples were not sputter coated to improve the conductivity. This was done  
 
to ensure the integrity of the laser modified region to reduce the chances of any  
 
complications or incorrect data that could be obtained from the wear test study. To  
 
compensate for the possibility of charging while using the Scanning Electron Microscope  
 
(SEM), a low accelerating voltage (< 5kV) was used.  
 

SEM analysis was used to observe the effects of LSM on alumina. For the single 

laser track study, SEM analysis provided the visual evidence of the different zones 

associated with transient laser processing (Figure 1). In addition, SEM analysis was used 

to measure the unique microstructural features that were produced from LSM (see 

Chapter 4). From the measurement results, a relationship could potentially be established 

to explain how temperature profile, cooling rate, temperature gradient and solidification 

rate dictate the size of these microstructural features. For the multiple laser track study, 

SEM was used to observe and understand the effects of LSM with varying processing 

conditions.  
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 After the wear test study, samples that displayed certain performance 

characteristics were observed using SEM in order to determine which type of surface 

morphology performed well or poorly. The characteristics that determined which 

particular samples underwent further characteristics after the wear test studies are the 

following: 

 Maximum wear rate of the steel pin 

 Minimum wear rate of the steel pin 

 Maximum wear rate of the alumina sample 

 Minimum wear rate of the alumina sample 

 Maximum wear rate ratio 

 Minimum wear rate ratio 

These samples underwent SEM using the secondary as well as backscattered detectors.  

These same samples also underwent EDX analysis to determine if any residue from the 

steel pin was deposited on the surface of the sample. SEM using the backscatter detector 

simplified the EDX analysis since of the large contrast between steel and alumina. 

 Using the image processing program ImageJ, specific microstructural features 

such as columnar dendrites and multi-faceted grains were measured. By doing so, a 

relationship between the cooling rates and grain/dendrite size could be established. 

Considering that these features contribute to the abrasive qualities of the laser modified 

alumina, determining which processing conditions produced numerous and large features 

would prove beneficial. For determining the size of the grains/dendrites, the latitudinal 
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and longitudinal widths were measured for the grains, and the arm spacing was measured 

for dendrites. The averages were then calculated. 
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CHAPTER 3 

NUMERICAL MODELING 

3.1 COMSOL Multiphysics 

COMSOL Multiphysics is a finite element modeling program. COMSOL has 

multiple physics module including Heat Transfer. In this study, COMSOL version 4.2a 

was used and the Heat Transfer module was utilized to simulate the heat transfer effects 

(temperature history, cooling rates, temperature gradients, etc.) associated with the laser 

surface modification process. To portray the heat transfer as accurately as possible, a sub-

branch of the Heat Transfer module titled “Heat Transfer in Porous Media” was used. 

This sub-branch allows the user to apply a porosity percentage to the model material 

(~40% for this study). An additional heat transfer option “Radiation in Participating 

Media” was also used. This sub-branch was used “to model radiative heat transfer in 

nontransparent media in combination with the other Heat Transfer physics interfaces for 

heat transfer through convection, conduction, and surface-to-ambient radiation [23].”  

Using these branches and sub-branches in COMSOL, one model was constructed 

to simulate the heat transfer process. A two-dimensional model was an appropriate 

approach to simulate both the single and multiple track samples. Ideally, a three-

dimensional model would potentially produce more accurate results, but computational 

processing capabilities available during the time of this study proved unable to meet the 

minimum requirements. Instead, the two-dimensional model approach proved more than 

sufficient enough to yield sufficient data and significantly reduced the amount of time to 
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obtain the calculations (roughly a total of 20 minutes). A small-time step (0.001 seconds) 

was chosen to improve the accuracy of the data. 

 

3.2 Material Properties 

The material properties that have relevance with the simulated modeling are 
shown in Table 3. 

Table 3: Material properties of alumina [8] 

Property Symbol Value 

Absorptivity A 0.25 
Thermal Conductivity k 35 W/(m*K) 

Density ρ 3800 kg/m3 
Latent Heat of Melting dH1 1067.43 J/g 

Latent Heat of Vaporization Lv 1066.5 J/g 
Melting Temperature Tm 2324 K 

Vaporization Temperature Tv 3273 K 
Phase Transition Temperature Range Half 

Width dT 30 K 
Heat Capacity Cp 880 J/(kg*K) 

 

Information regarding the change of thermal conductivity and density of liquid 

alumina could not be obtained. Therefore, the thermal conductivity and density remained 

constant for the model. To accurately obtain data from our calculations, phase change of 

the material was incorporated. When the material undergoes this phase change, a 

significant amount of latent heat is released. This will have a considerable effect on the 

specific heat, Cp, of alumina. To compensate for the latent heat of phase change, the 

value for Cp is changed to 

                                                                                      (8) 
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where ΔH is the latent heat of change and  

           (9)  

To incorporate the change in the specific heat due to phase change into the model, Cp is 

replaced with Cp1 and defined it as 

                                                   (10) 

where  is the smooth Heaviside function [23]. This formula integrates Equation (10) 

into the model and allows for the specific heat to change as the material undergoes phase  

change [27]. 

 

3.3 Boundary Conditions 

The single and multi-track models have very similar boundary conditions  

associated with their respective model designs (Figure 5 and Table 4).  



23 

 
Figure 5: Locations for boundary conditions of single laser track computational model 

 

Table 4: Boundary conditions for the single laser track model 

Description Boundary # Boundary Condition Variable 

Laser Beam 3 Heat Flux 
 

Radiation 1,2,3,4,5 Surface-to-Ambient ε 
NaturalConvection 

Cooling 1,2,3,4,5 Convective Cooling h 

Insulation 6 Insulation - 
 

Boundary 3 in Figure 5 undergoes exposure to the laser beam, convective cooling, 

and surface-to-ambient radiation simultaneously.  This is defined in Equation (11) 

                  (11) 
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where  = 1 for 0 ≤ t ≤ tr and  = 0 for t > tr.   is the condition that determines if the heat 

source is actively heating the sample [27].  In this case,   signifies that the laser is over 

the designated location for the model to calculate the heat transfer physics,  is the 

convective heat transfer coefficient (h = 10 W/m2*K), ε is the emissivity of alumina  

(ε=0.7) for thermal radiation, and  is the Stefan-Boltzmann constant (  = 5.67x10-8 

W/m2*K4) [27].  The Gaussian laser beam power distribution is governed by the  

following equation 

           (12) 

where  is the laser power density (W/m2),  is the location along the x-axis, and  is 

the standard deviation of the  [27]. Boundaries 1-5 in Figure 5 undergo surface-to-

ambient and convective cooling conditions. They are governed by the following  

equations. Boundaries 2, 3, and 4 follow Equation (13) while boundaries 1 and 5 follow  

Equation (14). 

         (13)  

        (14)  

Boundary 6 in Figure 5 is considered to be an insulated boundary and is subjected 

to following equation  

                (15)  
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The multi-track model has similar boundary conditions but with significant 

differences (Figure 6 and Table 5) 

 

Figure 6: Boundary conditions for multiple laser track model 
 
The profound difference is the representation of multiple laser tracks in the shape of the 

Gaussian distribution of energy from the laser beam as well as the number reduced 

number of boundaries. The reduced number of boundaries as well as determining the 

placements of the laser is explained in Section 3.6.  

Table 5: Boundary conditions for multiple laser track model 

Description Boundary # Boundary Condition Variable 

Laser Beam 2 Heat Flux 
 

Radiation 1,2,3 Surface-to-Ambient ε 
Natural Convection  1,2,3 Convective Cooling h 

Insulation 4 Insulation - 
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3.4 Meshing 

The meshing parameters for the single and multi-track models were slightly 

different. A fine mesh (as opposed to coarse mesh) is ideal for obtaining more accurate 

results. However, the finer the mesh, the longer it would take for the simulations to be 

complete. For the single track, it was essential to observe the heat transfer effects (i.e. 

temperature change, cooling rate, etc.) at the location of the track and its immediate 

surrounding region. Therefore, the area with the proximity of the laser track was 

designated with the highest level of predefined meshes (extremely fine). The element size 

for this area ranges from a minimum value of 6 µm and a maximum value of 20 µm, with 

a maximum element growth rate of 1.05 (Figure 7(b)). The remaining model is subjected 

to “normal” mesh which has maximum and minimum mesh elements of 100 µm and 30 

µm, respectively.  

 

Figure 7: Schematic of meshing geometry for the single laser track model with melt depth 
and HAZ edges 
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A rectangular area (Figure 7 (b)) is similar to the one shown Figure 3 where Boundary 3 

undergoes heating from the laser source. From that boundary, it is noticeable that the 

mesh elements are the smallest and grow downward.  

For the multiple laser track models, mesh size was set at a predefined “fine” level 

(Figure 8). For this level, a maximum element size 105 µm and minimum size of 30 µm 

was used. The maximum element growth rate was 1.13.  

 

Figure 8: Schematic of meshing geometry for the multiple laser tracks model with melt 
depth and HAZ edges 

 
The lower meshing level for these multiple track models were specifically chosen 

to reduce the calculation time required to simulate all the models. Furthermore, since the 

multiple track models will have 8 tracks per model (will be explained in more detail in 

Section 3.6), the time required to complete all calculations would prove difficult if the 

meshing parameters were increased to higher, more fine meshing value. 
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3.5 Single Laser Track Models 

3.5.1 The Design of the Single Track Model 

As mentioned in Section 2.1, the single laser track model was designed with a 

constant scanning speed of 20 mm/s and four laser power parameters (600, 800, 1000, 

and 1200 W). Therefore, a total of four models were constructed for this portion of the 

study. The objective of this particular study is to predict the temperature profiles, cooling 

rate, temperature gradient, and solidification rates along a single laser track for different 

processing parameters. As mentioned previously, a two-dimensional model was 

constructed to obtain the heat transfer calculations. This continuous laser two-

dimensional model represents any location that has undergone laser surface modification 

during the residence time. The residence time, tR, is determined by tR=D/v where D is the 

laser beam diameter (0.6 mm) and v is the laser scan speed (20 mm/sec). Therefore, the 

model will experience heat transfer from the simulated laser energy density for a time 

period equal to the residence time (~ 0.03 sec). While this model was two-dimensional, a 

three-dimensional representation of a single track model was constructed and is only 

provided to act as a visual aid for the reader (Figure 9). 
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Figure 9: A three-dimensional representation of a single laser track model 
 

The laser track has an approximate width of 0.6 mm (same as the beam diameter). 

The dimensions of the model are 5 x 5 x 3 mm. The cut plane is an ordered array of 

digital probes that are capable of calculating the desired heat transfer data (i.e. 

temperature, cooling rate, etc.) at those respective locations. The digital probes are extend 

along the y-axis starting at y = 2.0 and ending at y = 3.0. There is a digital probe placed at 

every 0.01 mm (or 10 µm) from starting to ending location. A similar cut plane was 

created along the z-axis, starting from the top (z = 3.0) and ending at z = 1.5 with the 

same step of 0.01 mm. This z-axis cut plane is shown in Figure 10. In addition, the y-axis 

cut plane shown in Figure 9 can be seen again in Figure 10 for the two-dimensional 

model. 
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Figure 10: Location of cut planes for two-dimensional model in the (a) y and (b) z-axis 
 

3.5.2 Governing Equations 

The equations that govern both types of models (single and multiple laser tracks) are the 

explained below: 

Fourier’s law of conduction  

                                                                      (16) 
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where  is the rate of heat transfer across area ,  is the thermal conductivity of the 

material,  is the temperature gradient in the direction normal to  [26]. The 

general heat conduction equation can be defined as: 
      

                                       (17) 

where  is the rate of internal energy conversion per unit area (heat flux), ρ is density of 

the material, and  is the specific heat per unit mass.  

 
3.5.3 Modeling Variables 

In order to utilize COMSOL efficiently, the proper expressions and variables must 

be correctly addressed and inputted in the model. For instance, one could select a location 

and state that the particular location experiences heat transfer by a laser and receives 

certain amount of laser energy density (J/mm2). However, inputting this alone does not 

“inform” COMSOL that the laser distributes energy in a Gaussian shape. Furthermore, 

once the material properties are inputted, COMSOL will assume that these properties are 

constant unless otherwise stated. Therefore, certain expressions must be included in the 

model to ensure that the heat transfer simulation performs “more realistically” (Table 6).  
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Table 6: Variables and expressions for the single laser track model 

Variable Expression (unit) Description 

P* 600 W Power 
rho1 3800 kg/m3 Density  
K1 35 W/(m•K) Thermal Conductivity 
dia 0.6 mm Laser Beam Diameter 
SA (pi•dia2)/4 Surface Area of beam 
Pin P/SA Peak Power Density 

sigma 100 µm 
Standard Deviation of Gaussian 

Distribution 

loc 2.5 mm 
Location of the Center of the 

Beam 
Vin 20 mm/s Scanning Speed 
Tr dia/Vin Residence Time 
A 0.25 Absorptivity 

Pgau A•Pin•exp(-(x-loc) 2/(2•sigma2)) Gaussian Peak Power Density 

Pgau1 Pgau• ((t >= 0) • (t < Tr)) 
Gaussian Beam is active between 

these time values 
Tm 2324 K Melting Temperature of Alumina 

Tv 3273 K 
Vaporization Temperature of 

Alumina 

dH1 1067.43 J/g 
Latent Heat of Melting for 

Alumina 

dT 30 K 
Temperature transition zone half 

width 
D exp(-(T-Tm) 2/(dT2))/(sqrt(pi)•dT) Delta Function 

Cp1 
880[J/(kg•K)]+(dH1/T_m1) flc2hs((T-

T_m1)[1/K],dT[1/K])+D•dH1 
Heat Capacity with latent heat 

contribution 
Note *: Value with change for each model (600, 800, 1000, and 1200 W) 

 

3.6 Multiple Laser Track Models 

3.6.1 The Design of a Multi-track Model 

As previously stated in Chapter 2, the multi-track model has have multiple 

incidences where the model experiences heat transfer from a laser. The processing 

conditions that change are the laser power, fill spacing, and scanning speed (refer to 

Table 2). By using these variables, one could obtain the heat transfer factors (i.e. 
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temperature, cooling rate, etc.) that produce a particular type of microstructure. This will 

ultimately save time and expenses and could be used to predict more accurate heat 

transfer factors. In Section 3.5.1, it is stated that the residence time, tr, is the amount of 

time that the laser source emits energy to heat the sample. Since tr is determined by the 

beam diameter (mm) and scanning speed (mm/s), the residence times decrease as the 

scanning speed increases (Table 7). As a result, less energy is being emitted to heat the 

sample.  

Table 7: Varying residence times 

Beam Diameter 

(mm) 

Scanning Speed 

(mm/s) 

Residence 

Time (s) 

0.6 20 0.03 
0.6 30 0.02 
0.6 40 0.015 

 
The difference in residence time will ultimately have a substantial impact on the 

heat transfer calculation results. However, in multiple track models, other factors need to 

be considered. Unlike the single laser track model, the multiple track model will have to 

incorporate the time required for the laser to complete its current track and the relocate 

laterally, based on designated fill space (0.3, 0.45, or 0.6 mm). The laser travels in a 

parallel line fashion with two standard velocities: the scanning speed (20, 30, or 40 mm/s) 

and the return speed. The return speed is set as a default (2941 mm/s).  

When the laser travels in the direction necessary to produce a laser track, it will 

travel at one of the designated scanning speeds. During the actual laser processing, the 

laser will be on during the entire duration of creating the track. The time required to 

create a laser track is calculated by:  
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               (18) 

where   is the length (mm) of the laser track and  is the scanning speed (mm/s). Once 

it has completed the laser track, it will return in a diagonal direction to an offset location  
 
adjacent to the beginning of the previous track. The direction and length of this travelling  
 
route is called the return stoke. It will continue on this path until it reaches the location  
 
where the new laser track will begin. This location depends on the fill spacing value. The  
 
total time required to complete this return stoke is calculated by: 

 

               (19) 

where   is the length (mm) of the return stoke and  is the return stoke speed (mm/s). 

As previously mentioned, the value of return stoke depends on the fill space (Figure 11).  
 
The return stoke speed is set as default value (2941 mm/s). During the return stoke, the  
 
laser is off and is not actively heating the alumina sample. 

 
For two-dimensional computational purposes, a novel approach was utilized. A 

designated location was selected to represent the heat transfer incident for each respect 

laser track.  The total time required for the laser to complete the track and perform the 

return stoke will be designated as the “Time OFF” period. This “Time OFF” period is the 

time required for the laser to move from one designated region to the other. During this 

period, the model is not experiencing any heating. The “Time OFF” period can be 

calculated by: 
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           (20) 

 It is important to provide equal values of “Time OFF” for each designated location for 

each respective track. This will allow more accurate data collection that closely 

resembles the actual laser processing.  

The model will experience heat transfer from the laser after the Time OFF period 

has been completed for each track. For each track, the total time it experiences heat 

transfer is equal to the residence time. The period when each respective location 

experiences heat transfer is considered to be the “Time ON” period. This period can be 

calculated by  

                     (21) 

Once the “Time ON” period has been completed for each respect track, the next “Time 

OFF” period begins for the subsequent track. There is a certain behavior in which the 

laser travels along the surface for multiple tracks as well as the method used to calculate 

the Time ON and Time OFF (Figure 11). Contrary to Figure 5 in Chapter 2, the 

dimensions for the representation in Figure 11 are 17 x 7 mm instead of 17 x 40 mm. 

This was done to reduce the time necessary to obtain calculations and purely to show the 

process of only simulating 8 tracks. 
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Figure 11: Schematic of moving laser route for a multiple laser track model. The 
triangular figures represent the approach to calculating the length of the “Time OFF” 

period.  
 

Unlike the single laser track model, the multiple track models used eight tracks 

were simulated using various model parameters and the expressions (Table 7). The 

average temperature, cooling rate, temperature gradient and solidification rates for 36 

processing conditions were calculated from the model. However, unlike the single laser 

track model, a cut line was not utilized for obtaining the data from the heat transfer 

process. Instead the use of digital probes was implemented. The probes were placed 

along the left edge, center, and right edge of each of the 8 laser tracks. By doing so, the 

probes showed which regions experienced significant heat accumulation from preceding 

and/or succeeding laser tracks that would induce re-melting and re-solidification. When 

placing the digital probes for the multiple laser track model, fill spacing value was 

considered to have a significant effect in determining which regions experience re-
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melting and re-solidification. The location of the digital probe placement was based on 

the fill space value (Figure 12). As previously mentioned, a probe was designated at the 

left edge, right edge, and center of an individual track. With varying fill spacing, different 

probes experienced re-heating from previous or subsequent laser tracks (Figure 12). 

 

Figure 12: Representation of the probe placement based on fill spacing value 
 

By increasing the fill space, the beam overlap decreases. As a result, preheating or 

reheating of new or previous track decreases. This directly affects which regions 

experience re-melting and re-solidification. The placement of these digital probes 

provided data in which the material would theoretically experience re-melting and re-

solidification (Figure 13). The probes were used to calculate the temperature profile 

throughout the entire process. After which, the cooling rate was calculated manually 

(Figure 13). 
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Figure 13: Schematic of digital probe placements 
 

The cooling rate was calculated for each probe using the change in temperature 

over time, starting from the maximum temperature point to the minimum temperature 

point before the next track is started. It is important to note that the cooling rates, 

temperature gradients and solidification rates were only calculated for probes that 

experienced temperatures at or above the melting. Any probes that do not provide 

temperature readings above the melting temperature do not provide any usable data to 

determine which areas experience sufficient re-heating to induce re-melting and re-

solidification. Therefore, these particular probes were not used for obtaining the average 

peak temperature , cooling rate, temperature gradient, and solidification rate. 
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The same digital probes were used to obtain the temperature gradient in the y-

direction (Figure 14). The temperature gradient was also obtained (Figure 14). 

 

Figure 14: Schematic of digital probe placement for temperature gradient 
 

 
3.6.2 Model Variables 

As previously mentioned, the Time ON and Time OFF values were required to 

ensure that the model simulates an accurate occurrence of when the laser travels and 

emits energy at the precise time it travels across the designated area for which the data is 

to be collected. The variables of the multiple laser tracks model are divided into two sets 

(Tables). The first (Table 8) contains the material properties, location where each 

respective track experiences heat transfer will be designated as the “base probe.”, and the 

time ON and Time OFF (Ton and Toff, respectively) for their respective laser tracks. The 

second (Table 9) contains the heat transfer expressions including the Gaussian peak 

power density and time designations for when the laser is actively heating a respective 

base probe. 
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Table 8: First set of variables for the multiple laser track model 

Variable Expression (Unit) Description 

P 600 W Power 
rho1 3800 kg/m3 Density  
K1 35 W/(m*K) Thermal Conductivity 
dia 0.6[mm] Laser Beam Diameter 
SA (pi*dia2)/4 Surface Area of beam 
Pin P/(SA) Peak Power Density 

sigma 100 um Standard Deviation of Gaussian Distribution 

loc 1.3 mm Location of the Center of the Beam for Base 
Probe 1 

loc2 1.6 mm Location of the Center of the Beam for Base 
Probe 2 

loc3 1.9 mm Location of the Center of the Beam for Base 
Probe 3 

loc4 2.2 mm Location of the Center of the Beam for Base 
Probe 4 

loc5 2.5 mm Location of the Center of the Beam for Base 
Probe 5 

loc6 2.8 mm Location of the Center of the Beam for Base 
Probe 6 

loc7 3.1 mm Location of the Center of the Beam for Base 
Probe 7 

loc8 3.4 mm Location of the Center of the Beam for Base 
Probe 8 

Vin 20 mm/s Scanning Speed 
Tr dia/Vin Residence Time 
A 0.25 Absorptivity 

Voff 2941 mm/s Return Stoke Speed 

Toff2 0.86 s (0.03-0.86s) Time off period between Base Probes 1 and 
2 

Toff3 1.71 s (0.89-1.71s) Time off period between Base Probes 2 and 
3 

Toff4 2.57 s (1.74-2.57s) Time off period between Base Probes 3 and 
4 

Toff5 3.42 s (2.6-3.42s) Time off period between Base Probes 4 and 
5 

Toff6 4.28 s (3.45-4.28s) Time off period between Base Probes 5 and 
6 

Toff7 5.14 s (4.31-5.14s) Time off period between Base Probes 6 and 
7 
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Toff8 5.99 s (5.17-5.99s) Time off period between Base Probes 7 and 
8 

Ton Tr Time on period for Base Probe 1 
Ton2 Toff2+Tr Time on period for Base Probe 2 
Ton3 Toff3+Tr Time on period for Base Probe 3 
Ton4 Toff4+Tr Time on period for Base Probe 4 
Ton5 Toff5+Tr Time on period for Base Probe 5 
Ton6 Toff6+Tr Time on period for Base Probe 6 
Ton7 Toff7+Tr Time on period for Base Probe 7 
Ton8 Toff8+Tr Time on period for Base Probe 8 

 

Table 9: Second set of variables for the multiple laser track model 

Variabl

e 
Expression (Unit) Description 

Pgau1 A*Pin*exp(-(x- loc) 

2/(2*sigma2)) 
Gaussian Peak Power Density for Base 

Probe 1 

Pgau2 A*Pin*exp(-(x- loc2) 
2/(2*sigma2)) 

Gaussian Peak Power Density for Base 
Probe 2 

Pgau3 A*Pin*exp(-(x- loc3) 

2/(2*sigma2)) 
Gaussian Peak Power Density for Base 

Probe 3 

Pgau4 A*Pin*exp(-(x- loc4) 
2/(2*sigma2)) 

Gaussian Peak Power Density for Base 
Probe 4 

Pgau5 A*Pin*exp(-(x- loc5) 
2/(2*sigma2)) 

Gaussian Peak Power Density for Base 
Probe 5 

Pgau6 A*Pin*exp(-(x- loc6) 
2/(2*sigma2)) 

Gaussian Peak Power Density for Base 
Probe 6 

Pgau7 A*Pin*exp(-(x- loc7) 
2/(2*sigma2)) 

Gaussian Peak Power Density for Base 
Probe 7 

Pgau8 A*Pin*exp(-(x- loc8) 

2/(2*sigma2)) 
Gaussian Peak Power Density for Base 

Probe 8 

PDgau1 Pgau1*((t >= 0)*(t < Tr)) Gaussian Beam is active between these time 
values for Base Probe 1 

PDgau2 Pgau2*((t >= Toff2)*(t < 
Ton2)) 

Gaussian Beam is active between these time 
values for Base Probe 2 

PDgau3 Pgau3*(( t>= Toff3)*(t < 
Ton3)) 

Gaussian Beam is active between these time 
values for Base Probe 3 

PDgau4 Pgau4*((t >= Toff4)*(t < 
Ton4)) 

Gaussian Beam is active between these time 
values for Base Probe 4 

PDgau5 Pgau5*((t >= Toff5)*(t < 
Ton5)) 

Gaussian Beam is active between these time 
values for Base Probe 5 
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PDgau6 Pgau6*((t >= Toff6)*(t < 
Ton6)) 

Gaussian Beam is active between these time 
values for Base Probe 6 

PDgau7 Pgau7*((t >= Toff7)*(t < 
Ton7)) 

Gaussian Beam is active between these time 
values for Base Probe 7 

PDgau8 Pgau8*((t >= Toff8)*(t < 
Ton8)) 

Gaussian Beam is active between these time 
values for Base Probe 8 

 

 

 

 

 

 

 

 

 

 



43 

CHAPTER 4 

RESULTS AND DISCUSSIONS 
 

4.1 Computational Modeling 

4.1.2 Single Laser Track Study 

The purpose of this study is to analyze the effects of varying laser processing 

conditions on alumina and the variation of the surface morphology. This chapter 

discusses the effects of LSM on the temperature history, cooling rates and solidification 

rates for each respective laser processing condition. From this, one will get a better 

understanding on how increasing laser energy density affects the computational 

calculations as well as the surface morphology of the experimental samples. 

 

4.1.2.1 Temperature 

Four laser processing parameters were used, and the change in temperature along 

the width of the laser track was calculated (Figure 15).  The center of the laser track is 

located at 0 µm on the y-axis. The total width of the laser track is 600 µm. 
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Figure 15: Change in temperature along the width of the laser track 
 

Each parameter displays temperatures that exceed the melting temperature, Tm, 

and vaporization temperature, Tv, at the center of the laser track. As the energy density 

increases, the temperature increases. Each temperature profile resembles the Gaussian 

distribution due to the energy distribution of the Gaussian laser beam; this accounts for 

the non-homogeneous change in temperature across the width of the laser track. At laser 

energy density of 63.69 J/mm2, the sample displays temperature readings above the 

melting temperatures across a large margin of the laser track with a minor area 

experiencing vaporization temperature. The 127.39 J/mm2 sample shows that the entire 

laser track and areas extending beyond the edge boundaries exhibit melting temperatures; 

a large portion of the track also experiences vaporization temperatures. By determining 

the amount The temperatures change across the center and the edge of the laser track 
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during the laser surface modification process for various parameters is shown in Figure 

16 (a-c). 

The maximum temperature was predicted to occur at the center of the laser track. 

At the center of the laser track, the alumina that undergoes the laser modification process 

was vaporized while a larger percentage is melted. This prediction aids in understanding 

how incre All four samples exhibit temperatures exceeding the melting as well as 

vaporizing temperatures of alumina (2324 and 3272 K, respectively). The change in 

temperature across the depth (z-axis) was obtained (Figure 17) as well as the vaporization 

and melting depth trends (Figure 18). 

 

Figure 16: A schematic of (a) the two-dimensional COMSOL model shows change in 
temperature along (b) the center and (c) the edge of the laser track during the laser 

processing.   
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Figure 17: Change in temperature profile in the Z-axis (bulk material) 
 

 

Figure 18: Melting and vaporization depths as a function of energy density 
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The vaporization and melt depths increase steadily as the laser energy density 

increases [24]. Based on Figure 15 and Figure 17, the cross-sectional area fractions for 

vaporization and melting were calculated (Figure 19). The amount of material removal 

due to vaporization increases substantially as the laser energy density increases. 

Similarly, the melt area increases as the laser energy density increases. The vaporization 

area is an important factor to consider. The higher the vaporization area, the more 

alumina is removed. This is clearly detrimental to the feasibility aspect of the LSM in 

practical application. 

 

 

Figure 19: Melting and vaporization areas as a function of energy density 
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4.1.2.2 Cooling Rate 

After the laser surface modification processes, the material undergoes rapid 

solidification; each sample has specified cooling rates which contribute to the 

multifaceted grain formation. The cooling rate across the laser track for various laser 

processing parameters was predicted (Figure 20). As the laser energy increases, the 

cooling rates increase (Equation 1). The cooling rate patterns for each parameter 

resemble the shape of the Gaussian beam energy distribution. The highest cooling rates 

are located at the center of the track and decrease towards the edges.  

 

 

Figure 20: The cooling rates for various laser processing parameters along the width of 
the laser track 
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4.1.2.3 Solidification Rate 

Based on the temperature profile and cooling rates results (Figure 15 and Figure 

20, respectively) the solidification rate was calculated (Equation 3). The solidification 

rates for various laser processing parameters were determined ( 

Figure 21). The graph shows the solidification rate decreasing from the center to 

the edge of the laser track. This is due to the non-homogenous heat and cooling from the 

Gaussian bean. The predicted solidification rate across the width of the laser track, from 

the center of the laser track towards the edge, is a reflective image. The same trend is 

present for both center-to-edge regions for the single laser track. That being stated, only 

the solidification rates for various processing parameters are shown from the center of the 

laser track to the edge. 

 
 

Figure 21: Solidification rates of the laser parameters from the center of the laser track to 
the edge of the track 



50 

 
The 127.39 J/mm2 sample shows the highest solidification rate. All the rates 

exhibit maximum solidification rate at the center of the laser track and show a drastic 

decline towards the edge of the track. The solidification rates for each processing 

parameter exhibit the same behavior as the temperature profile (Figure 15). As the laser 

energy density increases, the solidification rate increases. This was expected since the 

cooling rate experiences the same particular trend (higher laser energy density → higher 

cooling rates). 

 The solidification rates (Figure 21) should provide some predictions about the 

microstructure that the laser processing conditions should produce. Higher solidification 

rates should predict larger grain formations and a reduce porosity [25]. Using SEM, the 

formation of multifaceted grains at the center of the track for different laser processing 

conditions were observed (Figures 22-25). Within the center of the track, these grains 

represent the main microstructure feature. This area will be addressed as the “multi-

faceted grain region”, or “grain region” for short. Columnar and cellular dendrites are 

formed along the boundary of the grain region, extending to the edges of the track. 

Considering that the grain region is rough7ly 500 µm and the beam diameter is 

approximately 600 µm, this leads to the assumption that the dendrites were not formed 

due to the non-homogenous cooling rates associated with the Gaussian energy beam 

distribution. It is possible that these dendrites were formed when the molten material 

traveled through the surrounding porous region.  
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Figure 22: SEM image of the laser surface modified alumina sample at 63.69 J/mm2  
 

 

Figure 23: SEM image of the laser surface modified alumina sample 84.93 J/mm2  
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Figure 24: SEM image of the laser surface modified alumina sample at 106.16 J/mm2  
 

 

Figure 25: SEM image of the laser surface modified alumina sample at 127.39 J/mm2  
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Multi-faceted grains with large diameters have formed in the center of the track 

(Figures 22-25). The grains appeared to have formed in the fusion zone of the laser track 

while the dendrites may have started forming in the PMZ on extend well beyond the 

HAZ (refer to Figure 1). Most of the grains form in to symmetrical “parallelogram like” 

shapes in the center of the track. The grain size varies based on processing condition 

(Table 8). As the laser energy density increases, the grain size increases. In addition, 

larger grains are measured at the center of the grain region. This is due to the non-

homogenous heating and cooling rates associated with Gaussian energy distribution. The 

grains have significant spacing between them at some locations. This is evidence of some 

porosity still existing on the laser modified surfaces. Evidently when this porosity is 

visible, the grains did not pack together densely enough during the solidification process. 

This varies considerably under different laser processing parameters. The variation in 

porosity as a function of laser energy density was calculated (Table 8). Using the image-

processing program Image J, the average diameter of the multifaceted grains for each 

respective sample was measured. The porosity percentages of Figures 22-25 were also 

calculated.  

Table 8: Average diameter of multifaceted grains and porosity percentage  

Laser Energy Density 

(J/mm2) 

Average Diameter 

(µm) 

Porosity 

(%) 

63.69 166.55 ± 2.05 2.36 
84.93 168.94 ± 1.61 1.19 

106.16 226.98 ± 1.95 1.13 
127.39 225.83 ± 1.91 0.84 

 
As the laser energy density increases, the average diameter of the multi-faceted 

grains also increases. Previous studies [12, 17, 25] have observed the same trend. The 
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porosity calculations in Table 8 were taken from areas (0.9871 mm2) along the respective 

laser tracks. From the SEM analysis, the samples that underwent a laser energy density of 

84.93 J/mm2 or more demonstrated denser and closely grouped multifaceted grain 

formation. The porosity within the surface exhibits a decreasing trend as the laser energy 

density increases [11, 17, 25]. This is exceptionally important in order to provide more 

abrasive edges along the surface in the form of these grains. 

 

4.1.2.4 Significant Conclusions from Single Laser Track Study 

This study provided a fundamental understanding of how laser surface 

modification affects the surface morphology of porous alumina. LSM provides the 

formation of unique microstructural features (multi-faceted grains and dendrites) that 

may improve the micro abrasiveness of the alumina samples. As the laser energy density 

increases, the solidification increases (Figure 21). Consequently, as the solidification rate 

increases, the grain size increases. This provided substantial evidence that supports the 

claim that has the laser energy density increases, the size of the multi-faceted grains 

increase while the surface porosity decreases. The results from this study provided 

feasible evidence that supported the pursuit of the multiple laser track study. 

 

4.1.3 Multiple Laser Track Study 

This study discusses the effects of various laser processing parameters (laser 

energy density, fill space, and scanning speed). This study is paramount in determining if 

LSM is feasible for actual application.  
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4.1.3.1 Computational Results 

Digital probes were used to calculate the average peak temperatures, cooling 

rates, and solidification rates for all 36 laser processing conditions (see Section 3.6). 

Using these probes provided a better understanding as to how the varying laser energy 

densities, fill spaces, and scanning speeds affect the regions before and/or after a laser 

track has been produced. The 36 samples are divided into groups of 12, based on the 

respective fill space value (Figures 26-28). The laser energy densities for each processing 

condition are expressed along with the respective laser scanning speeds associated with 

those energy densities (refer to Equation 5).  
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Figure 26: Average peak temperatures for fill spaces of (a) 0.3 mm, (b) 0.45 mm, and (c) 
0.6 mm  
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The processing conditions with a fill spacing value of 0.3mm experience the 

highest peak temperatures, far exceeding the vaporization temperature. This results in 

large amounts of material loss during the laser processing. As the scanning speed 

increases, the peak temperatures decreased. This is a direct result of the reduced value for 

the residence time (refer to Table 6). For a constant laser power value (W), as the 

scanning speed increases, the resultant energy density delivered by the laser source 

decreases. As a result, less energy is being transmitted to the sample. For higher 

As the fill space value increases, the peak temperatures decrease significantly. 

This is due to the reduced overlap during the creation of the subsequent laser tracks. 

Some samples with a fill space value of 0.6 mm have peak temperatures well below the 

melting temperature. This leads to the assumption that an uneven melt depth was 

produced for these samples. Multiple processing conditions produced temperature values 

within the melt region boundaries.  To ensure that the laser processing conditions do not 

remove large amounts of material, it is ideal for the sample’s peak temperature to fall 

within the melt region.  

In accordance with the temperature change under various processing condition, 

the cooling rates were also predicted (Figure 27). The cooling rate values were heavily 

dictated by the scanning speed. 
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Figure 27: Average cooling rates for fill spaces of (a) 0.3 mm, (b) 0.45 mm, and (c) 0.6 
mm  
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 The cooling rates increase as the scanning speed increases. The 106.16 J/mm2 and 

127.39 J/mm2 samples with a scanning speed 20 mm/s exhibit average cooling rates 

below the 84.39 J/mm2 sample. This is contradictory to the trend that was previously 

established (refer to the Figure 20) where cooling rates increase with increasing energy 

density values. The reason for this deviation of the trend is due to re-melting and re-

solidification of the sample. For these processing conditions, some digital probes obtain 

temperature reading that would suggest that certain regions experienced re-melting due to 

heat transfer during the creation of preceding or subsequent laser tracks. These regions 

experience much lower average cooling rates. As the scanning speed increases to 40 

mm/s, these samples begin to obey the previously established conclusion that the cooling 

rate increases as the laser energy density increases. When the cooling rate of a particular 

processing condition does not follow the expected trend for any fixed scanning speed, 

one could assume that this particular processing condition experiences re-melting and re-

solidification. 

The average cooling rates obtained from these probes will directly affect the 

solidification rates. According to Equation (3), as the cooling rate increases, the 

solidification rate increases. Therefore, as the laser energy density increases for a fixed 

scanning speed, the predicted solidification rate increases.  
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Figure 28: Average solidification rates for fill spaces of (a) 0.3 mm, (b) 0.45 mm, and (c) 
0.6 mm 
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 The solidification rate increases as the scanning speed and fill space increases. 

Scanning speed appears to have the largest effect on the solidification rate, averaging an 

additional 0.25 mm/s for every 10 mm/s added to the scanning speed. Based on the single 

laser track study, the size of multi- faceted grains should increase as the laser energy 

density and solidification rate increases. However, the surface morphology of each 

sample will be directly impacted by the fill space value rather than the laser energy 

density. 

 

4.1.3.2 Experimental Results 

Previous studies [12, 17, 25] have shown that as laser energy density increases for 

LSM of alumina, grain size also increases. And as previously discussed, as the 

solidification rate increases, the grain size also increases. Based on this knowledge, a 

general relationship can be determined (Figure 29). 

 

Figure 29: Schematic of dendrite and grain size relationship with solidification rate 
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As the solidification rate increases, the dendrite spacing should relatively 

decrease. It is an important relationship to note. Obtaining a surface morphology with 

small features (both dendrites and grains) would prove extremely beneficial in improving 

the abrasive characteristics. If the features were to form at a smaller size, then more 

features could potentially be formed in any given area. And with more features populated 

the surface of the modified region, this means that these features would provide more 

abrasive edges. And with more abrasive edges, the abrasive qualities will greatly 

improve. Therefore, small features will prove exceptionally ideal in terms of improving 

the abrasive nature of the laser modified alumina. 

All 36 samples were processed using various processing conditions (Table 2). The 

fill space value will have a significant effect on the surface morphology for the multiple 

laser track samples. 

 

Figure 30: Surface morphology for a 63.69 J/mm2 sample with a 0.3mm fill space 
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Samples with a 0.3mm fill space primarily have a dendritic microstructure. With 

this fill space value, the laser energy density or scanning speeds do not have a significant 

impact in the surface morphology. Samples with this fill space value have very dense 

surfaces with very little visible porosity. Grains, either coarse or multi-faceted, are nearly 

non-existent for this processing condition. As previously stated, the fill space value 

determines the amount of overlap of the laser beam during the creation of subsequent 

laser tracks. With such a low fill space value, there is a large amount of material flow that 

occurs during the laser processing of a single laser track. This material flow then covers 

any multi-faceted grains that were produced from the previously made laser track. 

Therefore, the primary abrasive features for these samples are the dendrites. 

 

Figure 31: Surface morphology for a 106.16 J/mm2 sample with a 0.45 fill space 
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 Samples with a 0.45mm fill space value exhibit a combination of coarse/fine 

grains and dendrites. These grains form in the center of the track, with the dendrites 

extending outward. Since the fill space value still allows for some overlap from the laser 

beam, it is possible that some grains have been covered by molten flow. This may 

account for single row of grains located at the center instead of multiple rows or a larger 

grain region as experienced with the single laser track study (see Figures 22-25).  

 

Figure 32: Surface morphology for a 106.16 J/mm2 sample with a 0.6mm fill space 
 
Samples with a 0.6mm fill space value show the formation of fine multi-faceted 

grains in the center of the laser tracks with dendrites protruding from the edges of the 

grain regions. These grains show fine abrasive edges. Due to the low, if any, laser beam 

overlap associated with this fill space value, more grains are visible compared to the 

0.45mm representation (refer to Figure 31.) These grains are evenly distributed 
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throughout the samples’ surface, except where the dendrites exist between the laser 

tracks. With the large amounts of multi-faceted grains populating the surface, it is 

believed that this particular fill space value with provide the best abrasive properties. 

 

4.1.3.3 Significant Conclusions of Multiple Laser Tack Study 

The multiple laser track study provided an understanding of how scanning speed 

and fill space (in addition of laser energy density) affect the surface morphology of 

alumina during LSM. As fill space increases, the number of grains (coarse and fine) 

increase. Based on the computational results, increasing the scanning speed will increase 

the solidification rate. Therefore, increasing the scanning speed should also produce 

larger grains. The microstructure for each processed samples show an improved, denser 

surface topography. Based on these results, this study warrants a validation of the 

improved the microstructure by way of wear test. 

 

4.2 Wear Tests 

As mentioned in Chapter 2.2, all 36 multiple laser track samples underwent pin-

on-disc wear tests, using a hand held drill to rotate a steel pin at a nominal speed of 

30,000 rpm and then have that rotating pin make contact to the surface of the laser 

processed alumina sample. A 1 lb. weight was added to ensure that the pin maintained 

contact with the surface of the sample. Table 10 shows the complete results of all 36 

samples that underwent wear test. It is important to note that any sample(s) with wear rate 

values represented by “N/A” did not deliver accurate results. For this sample(s), the laser 
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processed region broke of the substrate during the wear test, resulting in unreliable wear 

rate data. 

Table 10: Wear rate results for all 36 samples 

Fill Space 

(mm) 

Power  

(W) 

Scan Speed 

(mm/s) 

Wear Rate of 

Sample ( x 10-3) 

Wear Rate of 

Pin ( x 10-3) 

Wear Rate Ratio 

(sample/pin) ( x 10-

1) 

0.3 

600 
20 0.64 4.61 1.38 
30 0.62 2.16 2.89 
40 0.44 2.46 1.78 

800 
20 0.40 3.93 1.01 
30 0.34 5.56 0.61 
40 0.74 2.40 3.10 

1000 
20 0.58 3.27 1.76 
30 0.48 6.79 0.71 
40 1.65 3.95 4.19 

1200 
20 0.94 4.06 2.32 
30 0.39 5.94 0.65 
40 0.77 8.11 0.95 

0.45 

600 
20 1.98 3.98 4.98 
30 2.07 4.06 5.11 
40 0.56 4.01 1.40 

800 
20 1.69 5.83 2.90 
30 0.89 3.14 2.82 
40 0.71 5.11 1.39 

1000 
20 7.80 6.31 12.36 
30 2.61 4.67 5.59 
40 0.44 4.08 1.07 

1200 
20 1.56 5.45 2.86 
30 0.65 3.05 2.13 
40 1.06 4.51 2.35 

0.6 

600 
20 0.68 6.07 1.13 
30 0.89 5.53 1.60 
40 N/A N/A N/A 

800 
20 1.17 7.50 1.56 
30 1.06 5.38 1.96 
40 0.91 3.11 2.93 

1000 20 1.23 5.25 2.34 
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30 0.77 2.27 3.38 
40 1.16 3.67 3.17 

1200 
20 1.07 7.95 1.35 
30 0.67 4.52 1.49 
40 0.60 2.48 2.41 

 

Among the 36 samples, six were chosen based on certain criteria. These criteria 

consisted of determining which parameters have the maximum/minimum wear rate of 

pin, maximum/minimum wear rate of sample, and maximum/minimum wear rate ratio. 

Based on Equation (7), the sample that possesses the minimum wear rate ratio is the ideal 

processing parameter amongst the 36 samples. Table 11 shows the parameters that 

exhibited these criteria. This is an essential part of the study to determine which 

processing condition will produce the microstructure that can both remove material 

efficiently as well as minimizing the amount of material loss from the alumina sample. 

Based on this ratio, that processing condition is the 800 W sample with a fill space of 0.3 

mm and 30 mm/s scanning speed. This processing condition exhibited the best 

relationship between the wear rate of the pin and wear rate of the sample.  
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Table 11: Wear rates of interested processing parameters 

Note: W.R. stands for Wear Rate 

There is a distinct relationship between the solidification rate and the dendrite 

spacing (Figure 33). As the solidification rate increases, the dendrite spacing increases. 

Figure 33 shows the relationship between the solidification rate and dendrite spacing. The 

figure legend refers to the respective processing condition using the following format:  

fill space (mm), laser power (W), scanning speed (mm/s). 

 

Figure 33: The relationship between dendrite spacing and solidification rate 

Criteria 

Fill 

Space 

(mm) 

Power 

(W) 

Scan 

Speed 

(mm/s) 

Wear 

Rate 

of Pin 

Wear 

Rate of 

Sample 

Wear 

Rate 

Ratio 

Solidification 

Rate (mm/s) 

Dendrite 

Spacing(µm) 

Max W.R. of 
Pin 0.3 1200 40 0.0081 0.0008 0.0948 1.04 8.55 

Min W.R. of 
Pin 0.3 600 30 0.0022 0.0006 0.2892 0.84 8.93 

Max W.R. of 
Sample 0.45 1000 20 0.0063 0.00078 1.2362 0.71 9.95 

Min W.R. of 
Sample 0.3 800 30 0.0056 0.0003 0.0614 0.83 8.75 

Max W.R. 
Ratio 0.45 1000 20 0.0063 0.00078 1.2362 0.71 9.95 

Min W.R. 
Ratio 0.3 800 30 0.0056 0.0003 0.0614 0.83 8.75 
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Each sample underwent 5 wear tests at different time intervals (10, 15, 20, 25, and 

30 sec). After all the tests were complete for each sample, the time interval that proved to 

remove the most material from the pin was characterized using SEM. A fine amount of 

steel residue from the pin pollutes the surface of the alumina sample. When this occurs, a 

thin layer of steel exists between the alumina sample and the surface of the pin. This does 

not allow the much harder alumina (and the abrasive microstructural features) to 

successfully remove material from the pin. Images (a) for Figures 34-37 show the 

microstructure prior to the wear test. The EDX analyses, (b) images, were conducted on 

the locations in the higher magnification areas of the (c) images. The EDX analysis for all 

samples showed a significant amount of Fe on the surface of the alumina sample. Little or 

no carbon was detected during the analysis.  
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Figure 34: The sample with the maximum wear rate of the pin, 1200 W with a fill space 
of 0.3 mm and scanning speed of 40 mm/s 
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Figure 35: The sample with the minimum wear rate of the pin, 600 W with a fill space of 
0.3 mm and scanning speed of 30 mm/s 
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Figure 36: The sample with maximum wear rate of the sample/maximum wear rate ratio, 
1000 W with a fill space of 0.45 mm and scanning speed of 20 mm/s 
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Figure 37: The sample with the minimum wear rate of the sample/minimum wear rate 
ratio, 800 W with a fill space of 0.3 mm and scanning speed of 30 mm/s 



74 

CHAPTER 5 

SUMMARY AND CONCLUSION 

LSM of alumina is an effective method of tailoring the microstructure to enhance 

abrasive qualities by producing unique microstructural features (dendrites and multi-

faceted grains) that act as newly formed abrasive edges that improve the micro 

abrasiveness of the surface. The significant findings of the single laser track study 

provided a fundamental understanding of how the surface morphology and size of 

abrasive features rely heavily on the laser processing parameters. A multi-faceted grain 

region was produced at the center of the track. As the laser energy density increases, the 

grain size increases while the dendrite spacing and porosity decreases. The computational 

analysis shows the temperature history is non-homogenous across the width of the track, 

with higher temperatures and cooling rates located at the center of the track. The analysis 

shows that as laser energy density increases, cooling rate (and consequently, 

solidification rate) increase. Therefore, grain size increases as the solidification rate 

increases.  

The multiple laser tracks study provided an understanding of how various laser 

processing conditions (laser power, fill space, and scanning speed) affect the surface 

morphology of alumina. As the fill space value increases, more multi-faceted grains will 

be visible at the surface. This is due to reduced amount of laser beam overlap and molten 

material flow that cover the features produced by the previously made laser track. 

According to the computational results, as fill spacing increases, the temperature history 

decrease due to less beam overlap. This directly affects the solidification rate. As the fill 
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spacing increases, the solidification rate will increase. The same trend for the 

solidification rate was predicted for the scanning speed.  

In order to quantify the abrasive qualities of LSM alumina, wear tests were 

performed. LSM alumina provided feasible evidence that the newly formed morphology 

improves micro abrasive characteristics. The inversed pin-on-disc approach proved 

effective to demonstrate the micro abrasive performance of LSM alumina. The ideal 

processing condition consisted of a primarily dendritic structure. This supports the theory 

that smaller features will enhance the material to perform better due to the larger number 

of abrasive edges located on the surface.  

Based on the computational and experimental results of this thesis, LSM 

effectively enhanced the abrasiveness of alumina and could potentially be applied for 

industrial application. LSM of alumina can be used by process engineers to obtain 

optimal laser processing conditions for achieving a specified surface morphology. 

Thereby, the abrasive qualities can be determined. 
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CHAPTER 6 

FUTURE WORK 
 

6.1 Determine If Primary Microstructure Underlies Secondary Microstructure  
 

When laser processing alumina samples with low fill spacing values (~ 0.3 mm), 

previously created laser tracks experience beam overlap during the creation of the 

subsequent laser track. This potentially results in re-melting and re-solidification. In 

addition, material flow from the subsequent track traverses over the previously formed 

track, covering the previously solidified microstructure. As explained in Chapter 4, a 

single laser track creates fine multifaceted grains at the center of the track. This 

microstructure could be designated as the primary microstructure, as in it solidified 

before the subsequent track began being processed. When material flows from the 

subsequent track and solidifies over the primary microstructure, this newly formed 

surface is designated as the secondary microstructure. Chapter 4.1.2 shows that the 

primary microstructural features are cellular and columnar dendrites; the chapter also 

mentions that the ideal processing condition has a fill space of 0.3 mm. It is possible that 

the dendritic surface of this processing condition is the secondary microstructure and that 

it covers the previously formed faceted grains (the primary microstructure). These grains 

may provide load bearing support which may increase the material removal capabilities 

of the dendritic surface. An approach to determine if the multifaceted primary 

microstructure still exists beneath the dendritic secondary microstructure is to mount the 
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laser processed surface and polish them in order to remove the secondary microstructure. 

Utilizing a diamond paste solution would prove useful in polishing the surface.  

 

6.2 Reducing Return Stoke Speed to Manipulate Solidification Rate 
 

The current processing parameters dictate the return stoke speed of the laser is 

2941 mm/s. Considering that the length of a single track is 17 mm, the time it takes for 

the laser to complete the return stoke is 0.006 seconds. This may hinder the solidification 

rate of previously made laser tracks. By reducing the return stoke speed, this may allow 

the tracks to solidify completely, rather than be subjected to immediate reheating from 

the formation of a subsequent track. This could have significant impact on the 

solidification rate as well as the surface microstructure topography. A controlled 

approach in determining whether or not return stoke speed has a significant effect on the 

surface microstructure could be established by setting constant processing conditions (fill 

space, scanning speed, laser power) and then varying the return stoke speed value. 

 

6.3 Determining Fine Multifaceted Grain Orientation 
 

Research into the microstructure characterization of laser modified alumina has 

been significant in the past decade. Previous studies have observed the crystal orientation 

of unmodified and laser modified material materials using XRD [8, 12]. These studies 

show how different laser processing conditions affect the crystal orientation of alumina. 

Other studies have conducted EBSD patterns on a polished cross section of laser 

modified alumina as well as OIM analysis. These patterns showed the preferred 



78 

directional growth of grains [6]. However, no concentrated study has been performed on 

an individual multifaceted grain. In order to perform EBSD, the sample must have a 

smooth, polished surface. But, if the surface is polished down, it is nearly impossible to 

determine which area was previously a fine multifaceted grain. Therefore, a different 

method must be taken. One approach would be to use a FIB system to manage a lift out 

off of one of the faces from a fine multifaceted grain. Some grains are formed with very 

smooth faces. By successfully obtaining a FIB lift out, that sample could then be admitted 

to EBSD analysis. This could potentially produce information on the planar orientation of 

each of the individual faces of the grains.  
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APPENDIX 

COMPUTATIONAL AND EXPERIMENTAL RESULTS OF ALL SELECTED  

MULTIPLE LASER TRACK PARAMETERS 
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The appendix contains the temperature profiles for each processing parameters as 

well as the micrograph(s) that best represent the dominant microstructural features. These 

profile graphs were used for calculating the average maximum temperature, cooling rate, 

temperature gradients and solidification rates. The processing conditions are presented in 

this fashion: laser power, fill space, and scanning speed. The processing conditions 

proceed in order of increasing scanning speed. 
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600 W 0.3mm 20mm/s 

  

 

600 W 0.3mm 30mm/s 

  

 

600 W 0.3mm 40mm/s 
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800 W 0.3mm 20mm/s 

  

 

800 W 0.3mm 30mm/s 

  

 

800 W 0.3mm 40mm/s 
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1000 W 0.3mm 20mm/s 

  

 

1000 W 0.3mm 30mm/s 

   

 

1000 W 0.3mm 40mm/s 
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1200 W 0.3mm 20mm/s 

   

 

 

 

 

1200 W 0.3mm 30mm/s 
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1200 W 0.3mm 40mm/s 

 

 

 

Note: The two micrographs show the two types of dominate microstructure: dendrites 
(left side) and coarse grains (right side). 
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600 W 0.45mm 20mm/s 

  

 

600 W 0.45mm 30mm/s 

  

600 W 0.45mm 40mm/s 
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800 W 0.45mm 20mm/s 

  

 

800 W 0.45mm 30mm/s 

  

 

800 W 0.45mm 40mm/s 
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1000 W 0.45mm 20mm/s 

   

 

1000 W 0.45mm 30mm/s 

   

 

1000 W 0.45mm 40mm/s 
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1200 W 0.45mm 20mm/s 

   

 

1200 W 0.45mm 30mm/s 

   

 

1200 W 0.45mm 40mm/s 
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600 W 0.6mm 20mm/s 

   

 

600 W 0.6mm 30mm/s 

   

 

600 W 0.6mm 40mm/s 
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800 W 0.6mm 20mm/s 

   

 

800 W 0.6mm 30mm/s 

   

 

800 W 0.6mm 40mm/s 
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1000 W 0.6mm 20mm/s 

   

 

1000 W 0.6mm 30mm/s 

   

 

1000 W 0.6mm 40mm/s 
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1200 W 0.6mm 20mm/s 

   

 

1200 W 0.6mm 30mm/s 

   

 

1200 W 0.6mm 40mm/s 
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