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ABSTRACT 

 This research focuses on two different aspects of laser machining process, 

namely additive and subtractive laser micromachining, for inherent improvements to metallic 

surfaces. In both the processes, material surfaces are enhanced to attain specific properties 

based on the application of the material. An AVIA 355® nano-second laser and a Coherent® 

Diamond J-3 series microsecond CO2 laser was used to create sintered structured using Cu 

particles. The textured surfaces were examined under SEM, MicroXAM™ 100 profilometer 

and Keyence®
 VK-X100 were used to distinguish the surface structures and study its material 

properties. Moreover, the melt depth of the textured surface was compared with diffusion 

length equation to validate the findings. A comparison of nanosecond and microsecond pulsed 

laser surface structure was also performed to understand the difference and similarities 

between them. An FVM (Finite Volume Method) TruFlow™ model was developed in Flow 

3D™ to analyze and compare the thermally induced surface microstructural changes with the 

experimentally observed results. The experimental, analytical and numerical analyses show 

very good agreement with each other and validates the hypothesis. The initial sintering results 

show the successful fabrication of a sintered single layer metallic powder structure with 

controlled porosity, using pulse period of 1000µs, pulse width of 205 µs with a defocused 

beam. The laser-sintered structure is compared with that of the conventionally sintered 

sample, which shows similar manufacturing quality. The particles were also pressed in a hot 

press prior to sintering to ascertain its effects. The main benefit of this new manufacturing 

process also includes a significant reduction in manufacturing time. The obtained results 

provide a crucial step towards developing a new class of manufacturing process for the 

metallic porous structures. 



 

viii 

TABLE OF CONTENTS 

Chapter Page 

 

INTRODUCTION .............................................................................................................. 1 

1.1 Background of the Study and Motivation ....................................................................1 
1.2 Research Purpose .........................................................................................................2 

1.3 Objective ......................................................................................................................2 
1.4 Structure of the PhD Proposal ......................................................................................3 

LITERATURE REVIEW ................................................................................................... 4 

2.1 Nanotexturing ...............................................................................................................4 

2.2 Laser Sintering .............................................................................................................7 
2.2.2 Direct Method ..............................................................................................7 

2.2.3 Indirect Method ............................................................................................8 
2.2.4 Two Component Method .............................................................................8 

2.3 Pressing Particles Prior to Laser Sintering .................................................................10 

RESEARCH SEGMENTS AND DEVELOPMENTS ..................................................... 11 

3.1 Pulsed CO2 Laser Installation .....................................................................................11 

3.2 Nano and Femtosecond Laser Texturing ....................................................................12 

3.3 Laser Sintering ...........................................................................................................14 

3.4 Contact Angle Measurement ......................................................................................15 
3.5 Powder Delivery System ............................................................................................15 

3.6 Inert Gas Enclosure for Laser Sintering .....................................................................16 
3.7 Computational Method in COMSOL® .......................................................................16 
3.8 Computational Method in FLOW-3D® ......................................................................20 

3.9 Hot Press for Sintering ...............................................................................................22 

RESULTS AND DISCUSSION ....................................................................................... 23 

4.1 Laser Texturing of Tantalum ......................................................................................23 
4.2 Laser Texturing of Stainless Steel, Titanium and CoCr .............................................29 

4.3 Effect of Changing Overlapping Percentage During Surface Texturing of 

Tantalum .....................................................................................................................34 
4.4 Comparison of Nanosecond and Microsecond Pulsed Laser Surface Texturing of 

Tantalum 35 
4.5 Flow3D® Simulation of Surface Texturing of Stainless Steel ...................................39 

4.6 Laser Sintering ...........................................................................................................40 
4.7 Hot Pressed Sintered Particles ....................................................................................44 

CONCLUSION ................................................................................................................. 45 



 

ix 

TABLE OF CONTENTS (continued) 

Chapter                                                                                                                                       Page 

 

FUTURE WORKS ........................................................................................................... 47 

REFERENCES ................................................................................................................. 48 

APPENDICES .................................................................................................................. 54 



 

x 

LIST OF TABLES 

Table  Page 

 

1 List of Various Surface Texturing Processes .....................................................................06 

2 Laser Key Parameters.........................................................................................................09 

3 Material Composition of Stainless Steel, Cobalt Chromium and Ti Alloy .......................12 

4 Laser Parameters for Coherent AVIA 355® ......................................................................13 

5 Material Properties of Cu Particle ......................................................................................14 

6 Specific Heat of Tantalum as a Function of Temperature .................................................17 

7 Thermal Conductivity as a Function of Temperature ........................................................17 

8 Diffusion Length, Temperature Reached and Contact Angle at Different Pulse Width       

and Residence Time During Material Texturing ...............................................................21 

9 Sample Contact Angle Measurement .................................................................................24 

10 Contact Angle Measurements for Stainless Steel, Cobalt Chromium and Ti Alloy ..........29 

11 Laser Sintering Parameters ................................................................................................30 

  



 

xi 

LIST OF FIGURES 

Figure                                                                                                                                         Page 

1 Schematic diagram of laser nanotexturing ............................................................................ 13 

2 3D design and 3D printed sintering mold ............................................................................. 14 

3 Measurement of the melt width with hi-res optical microscope ........................................... 23 

4 Measurement of the melt depth (in µm) with hi-res inverted microscope............................ 23 

5 Graphical representation of the relation between pulse width, residence time and 

temperature ........................................................................................................................... 25 

6 Graphical representation of the relation between pulse width, residence time and diffusion 

length..................................................................................................................................... 25 

7 Box and whisker plot of the diffusion length at different residence times ........................... 26 

8 Sample contact angle measurement using drop shadow method .......................................... 27 

9 SEM view of the coupons at 300x magnification (a) unpatterned and (b) patterned Stainless 

Steel (c) unpatterned and (d) patterned Ti alloy (e) unpatterned and (f) patterned Cobalt 

Chromium ............................................................................................................................. 29 

10 SEM comparison of the coupons at 1000x and 5000x respectively of (a, b) patterned 

Stainless Steel (c, d) patterned Ti alloy (e, f) patterned Cobalt Chromium .......................... 30 

11 Surface roughness of SS, Ti and Cobalt Chromium textured surface .................................. 30 

12 EDX of the patterned coupons at peaks and valleys respectively of (a) and (b) Stainless 

Steel, (c) and (d) Ti alloy, (e) and (f) Cobalt Chromium ...................................................... 32 

13 Contact angle measurement of a) Stainless Steel b) Titanium and c) Cobalt Chromium..... 33 

14 Microsecond laser textured Tantalum sample at a) 20x and b) 50x magnification .............. 34 

15 Textured surface of Tantalum at 20x magnification ............................................................. 35 

16 Profilometric measurement of microstructure texture .......................................................... 36 

17 Linear roughness along the cross section of microstructure texture ..................................... 37 

18 Simulation of the laser texturing of 316L Stainless Steel a) full coupon b) cross sectional 

view ....................................................................................................................................... 39 

19 Measurement of the line roughness from the a) confocal microscope and b) simulation .... 40 

file:///D:/Dropbox%20(WSU)/PhD/Defense/Mahmood_PhD%20Dissertation.docx%23_Toc38920243
file:///D:/Dropbox%20(WSU)/PhD/Defense/Mahmood_PhD%20Dissertation.docx%23_Toc38920244
file:///D:/Dropbox%20(WSU)/PhD/Defense/Mahmood_PhD%20Dissertation.docx%23_Toc38920245
file:///D:/Dropbox%20(WSU)/PhD/Defense/Mahmood_PhD%20Dissertation.docx%23_Toc38920246
file:///D:/Dropbox%20(WSU)/PhD/Defense/Mahmood_PhD%20Dissertation.docx%23_Toc38920246
file:///D:/Dropbox%20(WSU)/PhD/Defense/Mahmood_PhD%20Dissertation.docx%23_Toc38920247
file:///D:/Dropbox%20(WSU)/PhD/Defense/Mahmood_PhD%20Dissertation.docx%23_Toc38920247
file:///D:/Dropbox%20(WSU)/PhD/Defense/Mahmood_PhD%20Dissertation.docx%23_Toc38920248
file:///D:/Dropbox%20(WSU)/PhD/Defense/Mahmood_PhD%20Dissertation.docx%23_Toc38920249
file:///D:/Dropbox%20(WSU)/PhD/Defense/Mahmood_PhD%20Dissertation.docx%23_Toc38920250
file:///D:/Dropbox%20(WSU)/PhD/Defense/Mahmood_PhD%20Dissertation.docx%23_Toc38920250
file:///D:/Dropbox%20(WSU)/PhD/Defense/Mahmood_PhD%20Dissertation.docx%23_Toc38920250
file:///D:/Dropbox%20(WSU)/PhD/Defense/Mahmood_PhD%20Dissertation.docx%23_Toc38920251
file:///D:/Dropbox%20(WSU)/PhD/Defense/Mahmood_PhD%20Dissertation.docx%23_Toc38920251
file:///D:/Dropbox%20(WSU)/PhD/Defense/Mahmood_PhD%20Dissertation.docx%23_Toc38920252
file:///D:/Dropbox%20(WSU)/PhD/Defense/Mahmood_PhD%20Dissertation.docx%23_Toc38920253
file:///D:/Dropbox%20(WSU)/PhD/Defense/Mahmood_PhD%20Dissertation.docx%23_Toc38920253
file:///D:/Dropbox%20(WSU)/PhD/Defense/Mahmood_PhD%20Dissertation.docx%23_Toc38920254
file:///D:/Dropbox%20(WSU)/PhD/Defense/Mahmood_PhD%20Dissertation.docx%23_Toc38920255
file:///D:/Dropbox%20(WSU)/PhD/Defense/Mahmood_PhD%20Dissertation.docx%23_Toc38920256
file:///D:/Dropbox%20(WSU)/PhD/Defense/Mahmood_PhD%20Dissertation.docx%23_Toc38920257
file:///D:/Dropbox%20(WSU)/PhD/Defense/Mahmood_PhD%20Dissertation.docx%23_Toc38920258
file:///D:/Dropbox%20(WSU)/PhD/Defense/Mahmood_PhD%20Dissertation.docx%23_Toc38920259
file:///D:/Dropbox%20(WSU)/PhD/Defense/Mahmood_PhD%20Dissertation.docx%23_Toc38920259
file:///D:/Dropbox%20(WSU)/PhD/Defense/Mahmood_PhD%20Dissertation.docx%23_Toc38920260


 

xii 

LIST OF FIGURES (continued) 

Figure                                                                                                                                         Page 

20 Sintered particle under optical microscope at 10x magnification a) conventional sintering b) 

laser sintering ........................................................................................................................ 41 

21 3D view sintering under optical profilometer at 10x magnification a) conventional and b) 

laser sintering ........................................................................................................................ 42 

22 Surface roughness (Ra) chart of the sintered particles a) conventional sintered particles b) 

laser sintered particles ........................................................................................................... 43 

23 Confocal microscope image of a) pressed and b) pressed and sintered particle ................... 44 

 

 

file:///D:/Dropbox%20(WSU)/PhD/Defense/Mahmood_PhD%20Dissertation.docx%23_Toc38920261
file:///D:/Dropbox%20(WSU)/PhD/Defense/Mahmood_PhD%20Dissertation.docx%23_Toc38920261
file:///D:/Dropbox%20(WSU)/PhD/Defense/Mahmood_PhD%20Dissertation.docx%23_Toc38920262
file:///D:/Dropbox%20(WSU)/PhD/Defense/Mahmood_PhD%20Dissertation.docx%23_Toc38920262
file:///D:/Dropbox%20(WSU)/PhD/Defense/Mahmood_PhD%20Dissertation.docx%23_Toc38920263
file:///D:/Dropbox%20(WSU)/PhD/Defense/Mahmood_PhD%20Dissertation.docx%23_Toc38920263
file:///D:/Dropbox%20(WSU)/PhD/Defense/Mahmood_PhD%20Dissertation.docx%23_Toc38920264


 

xiii 

LIST OF NOMENCLATURE 

k(T)  Temperature-dependent thermal conductivity 

Cp(T)  Temperature-dependent specific heat 

ε  Emissivity of thermal radiation and  

h(T)  Temperature- dependent heat transfer coefficient  

lH Diffusion length 

tr  Residence time of the laser  

α  Thermal diffusivity 

δ  laser residence time 

I  laser incident energy 

Sx  Spot overlap of the laser beam 

ρ  Density of the material 

Tamb  Ambient Temperature 

Tm Melting Temperature 

∇T  Change of temperature 

R  Minimal Spot Radius of the laser 

En  Pulse energy 

h(m)  Layer Thickness 

K Drag coefficient for a porous media model 

C   Constant to represent the molten area 

Fs  Solid fraction 

Fs,cr  Critical value of solid fraction beyond which material freezes from mushy zone 

F Volume of fluid 



 

1 

 

CHAPTER 1 

INTRODUCTION 

1.1 Background of the Study and Motivation 

 Metals are widely used in biomedical devices and components, especially as osteosynthesis 

implant devices as well as cardiovascular devices and dental devices because of high tensile 

strength, high yield strength, resistance to cyclic loading (fatigue), and resistance to time 

dependent deformation [1]. Despite the usage of metals in biomedical devices, studies are still 

going on to enhance the performance of the materials. Both additive and subtractive manufacturing 

are used in enhancing or engineer the surface of the material to facilitate special usage. As per the 

definition of American Society for Testing and Materials (ASTM), additive manufacturing is a 

process of joining material to make objects from 3D model data out of different studies [2]. On 

the contrary, subtractive manufacturing creates specific shapes and changes in material for specific 

application by removing material through different methods. Both the methods have distinctive 

features and are used widely in different need of applications. Among them laser surface texturing 

and laser sintering are gaining a good amount of focus because of their advantages. 

 Continuous lasers have been used for decades for surface modifications, texturing and other 

applications with metals and their alloys. Pulsed lasers have been a recent point of interest because 

of various attributes compared to continuous laser. The higher peak power of pulsed laser 

collaborated with short and ultrashort pulses creates higher incident radiation. Short pulses also 

contribute to lower HAZ, high cooling rates compared to continuous laser. Laser based texturing 

methods are showing advantages as defect free fabrication of textured layers on a variety of 

materials without changing the material properties because of localized heating. Large areas can 

also be treated within a shorter amount of time, compared to the other texturing methods [3]. 
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Understanding the method and controlling the depth of the texturing can help in addressing very 

specific design needs in materials to attain specific applications [4]. 

 Laser sintering has been used for over 30 years as a rapid prototyping process to create 

intricate parts. Sintering is performed by solidifying material particles as successive layers and 

adhering them [5]. In most of the rapid prototyping processes thermal energy is provided to the 

material particles via laser beam to sinter them in layers. Successive layers are deposited in an 

enclosed chamber via some mechanical method and normally are of a thickness of 0.1 - 0.3 mm. 

This process has the advantage of manufacturing the layers without any requirement of polymer 

binders. Although several other processes e.g. SDM [6] and LENS [7] have similar metal cladding 

process, creating intricate shapes with better accuracy is challenge for them. Thus, post 

manufacturing milling operation becomes a necessity to attain the drawbacks. Compared to those 

laser sintering exhibits lesser processing time. 

1.2 Research Purpose  

The main research goal is to enhance certain material properties by both subtracting and 

additive manufacturing using nano and micro pulsed laser machining, and perform numerical 

analysis using finite volume methods to validate the results. 

1.3 Objective 

 The aim of this study was to examine the effect of laser machining on different materials. 

Among them the correlation between the diffusion length model and experimental observations 

during nano-surface texturing of tantalum was performed using a pulsed laser. Moreover, laser 

texturing was performed on three different materials, namely stainless steel, Titanium alloy 

(Ti6Al4V) and CoCr alloy. The surface texturing on these materials were compared to understand 

how laser parameters affect the micro-structures. Along with that, copper powders have been used 
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to perform sintering operation for additive manufacturing. Water contact angle analysis of the 

textured surfaces were carried out to see how it impacts the fluid retention properties of the 

material. Modelling was done to understand the effects of the parameters on the material during 

the process. This should enhance our understanding of pulsed laser interactions with different 

material to control the various parameters for future operations. As the porosity is an important 

feature of the sintering process to create wick structures, this research will study the specific laser 

parameters (pulse period, pulse width, burst) to intentionally produce a certain amount of porosity 

within the sintered structure. This study uses direct method of laser sintering to sinter copper 

particles on a copper substrate using pulsed CO2 laser of 10.6 µm wavelength. The physical 

properties of the laser sintered structure are compared with that of another wick structure made by 

conventional sintering process as well. 

1.4 Structure of the PhD Proposal 

 The first chapter of dissertation intends to introduce the study’s purpose and reveal its 

background, research objectives. Moreover, the first chapter briefly describes the texturing methods. 

The second chapter covers a detailed literature review to understand the purpose of the objective. In 

addition, different methods of additive and subtractive nano/micro machining are described there. The 

third chapter describes experimental methodologies as well as computation methods for the machining 

study. The chronological study is also mentioned to provide an idea of the research path. Consequently, 

the fourth chapter discusses in detail the finding and conclusions arrived from the findings. And the 

fifth and the final chapter, draws a conclusion and future work on this research study. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Nanotexturing 

 Texturing generally refers to the physical modification of the functional properties of the 

surface of an object by surface engineering. The properties that we consider and reasons for 

changing them are also application dependent. There may be a requirement to reduce (or even 

increase) the friction between mating parts, to improve the formability of a metal sheet, to increase 

the surface area of a substrate (perhaps to improve the adhesion of a coating), or to enhance its 

decorative appeal and reduce its sensitivity to surface scratches. Textured surfaces are found in 

everyday products, from steel body panels and bearings to book covers [8]. A gamut of biomaterial 

surface properties involving tribological, mechanical, and chemical ones, influence the 

biocompatibility and functionality of the implants. As mentioned, a control of the surface 

morphology is of primordial importance. It has been well established that physical structure plays 

a key role in determining the cellular responses and hence the range of biomaterial applications. 

Dalby et al. have discussed various issues relating to topological control of cells on substrates in 

their review [9]. The interactions of cells to surfaces occur at various length scales from microscale 

to nanoscale [10]. The protein molecule interactions associated with cell signaling occur at the 

nanoscale. This regulates cell adhesion, proliferation, and differentiation. The combined effects of 

configurationally hydrophobic/hydrophilic or capillary forces might be responsible for self-

organization of protein molecules and cell attachment. The interactions between micro size 

features (e.g., grooves) with cells take place at the microscale. Finally, the interaction of tissues 

with porosity occurs at the macroscale. This knowledge has driven research at the micrometer and 

the nanometer scale features of the implant surfaces. Materials textured at the microscale or the 
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nanoscale have all showed improved performance. But so far, the ideal surface textured has not 

been established. Most of these studies were concentrated on characterization of cell or protein 

adhesion to surfaces from a biological perspective. A great deal of interest was given to surface 

energy and charge, and hydrophilic/hydrophobic features [11-13]. The phenomenon by which cells 

adapt and orient to the surface microtopography is influenced by contact guidance where the cells 

grow aligned with the micro-nano grooves on the material. Curtis and Wilkinson found out that 

micro-groove depth was more important for contact guidance than micro-groove width [14]. On 

the other hand, chemistry of the surface, influences cell signaling, and the way cell surface 

receptors respond. Once cell surface signaling is established, the cells try to orient by achieving a 

biomechanical equilibrium alignment provided by contact guidance of the topography. 

 Over the years, a lot of  effort was dedicated to studying this phenomenon using various 

cell systems like fibroblasts, epithelial cells, neurons, neutrophils, etc. [15-17]. Although these 

studies varied in surface features, surface compositions, and the cell type used, the results clearly 

showed that fine features (≤ 2 µm) have orientation effect on both cytoskeleton elements and cell 

body. Surface texturing is generally carried out to modify the surface for better osteo-integration. 

Specifically for hard tissue replacements with metallic implants, it is necessary to have three 

crucial characteristics: namely cleanliness, stable oxide layer, and microscale morphology [18]. 

The surface contamination may originate from bulk material of the implant but generally it occurs 

during surface engineering of the implant. The second feature is the microscale morphology or the 

texture of the surface. In their vivo experiments on rabbits, Karacs et al. have reported that the 

torque removal force was higher for sandblasted and laser treated samples compared to smoothly 

machined ones [19]. This could be attributed to the in-growth of bone into the microscale features 

and thus providing micromechanical retention [18]. Originally, enhancement of osteo-integration 
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was carried out using blast-textured surfaces with random and irregular topography [20-22]. 

However, with such random topologies resulting from blasted surfaces, it was difficult to conduct 

basic studies of the effect of texture on osteo-integration and hence, many patterning techniques 

evolved. Some of these prominent technologies are listed in Table 1. Although, this field is still 

nascent, the range of technologies are evolving at a rapid pace and encompasses laser processing, 

photolithography, electron beam processing, ion beam processing, etc. [23-25]. Electron and ion 

beam processing find their limitations needing vacuum chambers as processing environments 

which means limitations on shape and size of the component to be processed. Also, these 

techniques remain confined to batch processing and hence are expensive. Photolithography, 

although free from the requirement of a vacuum chamber, is an extremely time-consuming 

multistage process. On the contrary, Duncan et al. [26] stated laser processing can be conducted 

in ordinary air at extremely rapid speed with high precision and repeatability.  

TABLE 1 

LIST OF VARIOUS SURFACE TEXTURING PROCESSES 

Surface Texturing Process Pros Cons 

Sandblasting [20-22] Random surface textures 

 

Difficult to control the depth 

and regularity of features 

Process not clean 

Electron beam texturing [24] Precise control, nano-features Process requires vacuum 

Photolithography [23, 25] Well-controlled features 

 

Problems with spin coaters, 

photoresists, organic 

solvents 

Ion beam texturing [27] Accelerating ions bombard 

surface and result in texturing 

Process requires vacuum 

Electric arc texturing [8] For conductive materials Less control over the process 

Laser texturing and 

micromachining [26, 28] 

Precise control of complex 

features 

Noncontact, fast, and clean 

process 
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Also, these techniques remain confined to batch processing and hence are expensive. 

Photolithography, although free from the requirement of a vacuum chamber, is an extremely time-

consuming multistage process. This study is conducted on the basis of developments that have 

taken place in the use of lasers for bio-applications with an endnote on the potential applications 

and suggestions. As laser surface texturing provides localized melting with negligible HAZ (heat 

affected zone), myriad properties of the material properties can be retained while the high 

temperature operation is performed [29]. More to that, flexible operations, time sensitivity, 

precision machining are few other advantages of laser texturing over conventional methods [30]. 

The duration of the exposure of the energy i.e. pulse width, repetition rate, scan speed, and the 

laser power can be controlled to observe different phenomena during the surface texturing. This 

can also be used to simulate the behavior of different materials under different parameters of the 

laser system in future. 

2.2 Laser Sintering 

Different laser sintering methods are being developed for manufacturing intricate shapes 

both in macro and micro level. A very brief introduction of the three prominent methods of metal 

powder sintering method will be presented.  

2.2.2 Direct Method 

As the name suggests, the material is sintered with the previous lased material without the 

aid of different material. Laser energy is used to attain a temperature as close as the melting point 

of the material without surpassing it. Hence, the material softens and adhere to each other by 

interfacial grain contact area. This method is developed based on particle fusion [31]. At the 

temperature just below the melting point, softening of the material facilitates the creation of 

necking between two adjacent metal particles. This phenomenon during the process decreases the 
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surface area, and the probability of adherence, increases for the particles. During the sintering 

process, a neck forms between the two adjacent powder particles. This reduces the surface area 

and increases the tendency of the powder to aggregate. The densification or adherence of the 

particle can be attributed to the ‘free surface energy’ reduction. But due to localized increase of 

temperature to melting point for some particles, the surface tension lures the particles to join and 

create bigger sphere shapes. Because the laser spot size is bigger than most of the particle size, the 

appearance of particles forming bigger spheres is a possibility. Also as the particles are joined in 

certain points of the contour, porosity is a common phenomenon in this process [32].  

2.2.3 Indirect Method 

Contrary to the direct method, organic materials with lower viscosity than metal is used to 

apply a coating on the metal particles. The polymers absorb infrared energy and acts as binders to 

adhere the metal particles. This creates a copious amount of porosity (45% porosity) which can be 

changed by putting the sintered particle in furnace with copper particles according to the 

requirement [33]. Reaching closer to the melting point for the copper, around 1083°C the particles 

melt and infiltrates inside the structure reducing the porosity. 

2.2.4 Two Component Method 

To eliminate extra processing time two component method is used which consists of two 

different metal powders of different melting temperature T1 and T2 (T1 < T2). Similar to the indirect 

method, the low melting point metal works as the binder. The laser energy is optimized to attain a 

temperature (T) to fall in between these two temperatures (T1 < T < T2). The binder particles melt 

and flow through the pores created by the structural material. This method is used when the 

porosity is an unwanted feature which creates of a structure with same structural integrity as solids 

with lesser pores. Although, structural distortion is common with higher laser power and residual 
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porosity with lower power. Hence, it is critical to attain the optimum energy for a set of binder and 

structural particle. 

 Sintering process can be performed by different types of lasers. Commercially CO2 lasers 

are used with variable power ratings from 50 to 200 W [34]. Depending on the material to be 

sintered and structural requirement the laser parameters significantly vary. These parameters 

include but not limited to laser power, pulse period, pulse width, laser wavelength, scan speed, 

scan spacing. The key parameters are briefly described in Table 2. 

TABLE 2 

LASER KEY PARAMETERS 

Pulse Period:  The time from the first pulse of the laser till the second pulse. 

Pulse Width:  The amount of time in a pulse period the laser is emitting power 

Scan Speed:  The speed of the laser travels per unit amount of time. 

Scan Spacing:  The distance between immediate scanning lines of the laser beam 

In addition to the laser parameters, particle parameters such as particle size, homogeneity, material 

composition, ratio of different material particle plays a vital role in sintering process [35]. 

Therefore, the material to be sintered influences the input parameters of the laser [36]. Also, 

Reflectivity of the material to be machined also has effect on the amount of heat generated during 

the texturing process. Depending on that, multiple reflections occur during the machining process 

and higher absorption in metal powder are found in studies [37]. 

 Conventional sintering method is primarily done by heating the particles in electrical 

resistance furnace, fossil fuel or induction furnace at a temperature of 0.6 - 0.8Tm (melting 

temperature). Due to high costs in maintenance and fuel consumption for longer sintering periods, 

an alternative approach to reduce resources is always of viable interest. In conventional sintering 

process, the heat is mainly distributed to the particles via radiation, convection and conduction. 
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This institutes a higher rate of heat loss and difficult to focus the heat on specific particles as per 

the requirement. Large scale production of sintered structure using the conventional method is a 

challenge due to requirement of higher energy. Moreover, metallic structure with a desired amount 

of porosity in conventional sintering process is strenuous. [38, 39]. Furthermore, conventional 

sintering process requires post processing to attain the required functionality of the fabricated 

structure. Compared to that, laser sintering can create the porous structure with the same 

functionality and almost no post processing in reduced time. 

2.3 Pressing Particles Prior to Laser Sintering 

Pressing the particles prior to the sintering process helps with the coagulation. In this 

process, the particles are placed into a mold and pressed with a hot or cold press and the particles 

are joined slightly around the periphery. The pressed particles are then taken under a laser to sinter 

it with predefined particles. This process helps with reducing the lasing time as well as better 

material properties. Hot and cold press also depends on the characteristics of the final pressed and 

sintered particles [40].  
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CHAPTER 3 

RESEARCH SEGMENTS AND DEVELOPMENTS 

3.1 Pulsed CO2 Laser Installation 

Laser machining is manufacturing process by which a laser beam is pointed towards the 

work material for machining. It essentially utilizes thermal energy, to remove, or in some 

manufacturing processes, add material from, or onto metallic or even nonmetallic surfaces. This 

thermal energy from the laser is then transmitted to the surface where heating, melting or 

vaporization of the material takes place.  

 Different types of lasers are typically categorized based on the active laser medium, which 

is the source of optical gain within the laser. These lasers vary from a gas laser, utilizing gases 

such as Ne, Ar or CO2, to solid state lasers, using rare earth elements such as Nd:YAG 

(neodymium-doped yttrium aluminum garnet crystals), to an excimer laser using a combination of 

reactive and inert gases. The selection of the proper laser for the manufacturing application greatly 

depends on the optimal desired interaction of the laser with the work material.  

 Various manufacturing applications of Lasers, ranging from; cutting, welding, drilling, 

scribing, cladding and surface treating, to sintering and many others. The most common 

advantages that laser manufacturing possesses over its traditional machining counterpart is that 

there are minimal to no moving parts in the process, resulting in no tool wear and reducing 

machining costs. Laser machining is generally also a much quicker method as well as more 

accurate. This makes machining very small and complex parts relatively easier. 

 The laser system described in this study is a pulsed CO2 laser. Therefore, properties, 

material interactions, and laser applications will be associated with the CO2 laser. The laser 
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comprises of a beam quality enhancer, shutter assembly, process head and beam bender. The 

detailed description of the parts is provided in Appendix I. 

3.2 Nano and Femtosecond Laser Texturing 

A nanosecond laser was used to compare the material properties of three different material; 

stainless steel, cobalt chromium and titanium alloy. Along with that a femtosecond laser was used 

on tantalum as a separate experiment to correlate the melt depth with material properties and laser 

parameters. The material properties of stainless steel, titanium, tantalum and cobalt chromium are 

provided in Table 3.  

TABLE 3 

MATERIAL COMPOSITION OF STAINLESS STEEL, COBALT CHROMIUM AND Ti 

ALLOY [41] 

Material Stainless Steel 

(316L) 

Cobalt Chromium  

Alloy 

Titanium Alloy  

(Ti6Al4V) 

Composition <0.03% C, 16-18.5% Cr,  

10-14% Ni, 2-3% Mo, 

<2% Mn, <1% Si, 

<0.045% P, <0.03% S 

Fe Balance 

25-30% Cr, <1.0% Mo, 

2-15% W, 0.25-3.3% C, 

<3% Fe, <3% Ni, 

<2% W, <1% Mn,  

Co Balance 

<0.08% C, <0.25% Fe, 

<0.05% N2, <0.2% O2, 

5.5-6.76% Al,  

3.5-4.5% V, 

<0.015% H2(sheet), 

<0.0125% H2(bar), 

<0.01% H2(billet), 

Ti Balance 

 

All the samples were cut into coupon sizes of 1 cm x 1cm for creating surface patterns. A Coherent 

AVIA 355® pulsed nanosecond laser was used to create surface patterns on the coupons. The spot 

size was 130 µm with a frequency of 20 kHz and the line width was 100 µm with an overlap of 

23% between successive lines (based on literature review and industry standards). The coupons 

were mounted on a CNC (computer numerically controlled) X–Y stage which was moved at a 

speed of 100 mm/min as shown in Figure 1.  
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Figure 1: Schematic diagram of laser nanotexturing 

A relative speed between the laser beam and the specimen was maintained to control the substrate 

–laser beam interaction time and larger area coverage. The linear scan speed can be related to the 

spot overlap (Sx) as per the following Table 4. 

TABLE 4 

LASER PARAMETERS FOR COHERENT AVIA 355® 

R 

(µm) 

V 

(m/min) 

f 

(KHz) 

Pulse Width 

(µs) 

Line Width 

(µm) 

Pulse Energy 

(µJ) 
% Overlap 

130 5 20 
100, 150, 

200, 250, 300 
100 75 23.06 % 

Where V is the scan rate (m/min), f is the pulse frequency (KHz) and R is the minimal spot radius 

(µm) of the laser beam. A design of experiment (DOE) was performed with the parameter of laser 

setup as inputs and homogeneity of the treated surface with compositional homogeneity as the 

output to get an optimized parameter selection. An overlap closer to 25 % as mentioned earlier, 

was followed between successive melt tracks. Sufficient time was allowed for each track to reach 

room temperature before the subsequent lasing operation was resumed to treat the adjacent track. 

Several laser trials were given for an extensive number of samples to correlate the process 

Mirror 

AVIA 355® 

Focusing Lens 

XY Table 

XY Table Controller 
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parameters with the microstructure of the composite layer and finally, to optimize the laser 

processing parameters. 

3.3 Laser Sintering 

 The copper micro-particles used in the experiment are commercially known as CULOX™ 

6000 series. The mesh size of the particle is 60/80 and the particles has a diameter of 200 µm. The 

thermal and physical properties are shown in Table 5. 

TABLE 5 

MATERIAL PROPERTIES OF Cu PARTICLE 

Melting Point Density at 20° C 
Latent Heat of 

Fusion 

Specific Heat at 

25° C 
Reflectivity, R 

1083° C 8.96 g/cm3 205 kJ/kg 385 J/kg-K 0.41 

Sample preparation: To ensure sintering, the copper particles were placed on a copper substrate 

plate on a 3D printed mold as shown in Figure 2. The molds were used with variable heights to 

ensure different heights of multilayer as well as single layer. The microparticles were poured on 

the copper substrate and tapped to create a monolayer distribution.  

 

 

 

 

In this study, the sintering is done using a Coherent™ Diamond J-3 series pulsed CO2 laser of 10.6 

µm wavelength. The laser has a peak power of 750 W with an average power of 250 W. Copper 

particles of 200 µm were used as the metal powder. The copper particles were placed on a copper 

substrate of 10 mm diameter and exposed to the laser beam. By varying laser parameters (pulse 

Figure 2: 3D design and 3D printed sintering mold 

10mm 10mm 
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period, pulse width, burst), the optimum combination was found which creates a partial sintering 

of the particles. The objective of the sintering was to create a structure of copper powder with 

porosity, which can then be used as a mean of capillary action for efficient thermal cooling. After 

each sintering the copper particles were placed under an Amscope™ ME300 microscope to 

observe the structural integrity. During the sintering process argon gas was used to create an inert 

atmosphere. Alicona™ Infinite Focus profilometer was used to understand the 3-dimensional layer 

structure of the sintered particles. 

3.4 Contact Angle Measurement 

 The contact angle measurement was done by KSV® instrument cam 110, using drop shape 

analysis (DSA). A drop was metered on the tantalum sample and an image of the drop was recorded 

with the help of a camera and analyzed in the software. The gray scale analysis was done to create 

the outline of the contour region. Further, the geometrical model was fitted inside the contour to 

check the analysis. The contact angle is given by the angle between the calculated drop shape 

function and the sample surface, the projection of which in the drop image is referred to as the 

baseline. 

3.5 Powder Delivery System 

To ensure the formation of single layer structure, a powder delivery system was developed. 

A NEMA 17 motor was used as a mean of providing precise linear motion to a platform that could 

travel at a resolution of 50 µm at a time. This platform was used as a base for ensuring 200 µm of 

depression at a time to attain the height of one layer of copper particles on the copper substrate. 

Any excess material was cleared off the top of the powder delivery system. The detailed drawing 

and descriptions are mentioned in appendix B. 
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3.6 Inert Gas Enclosure for Laser Sintering 

 An inert gas enclosure was developed with the view of reducing the percentage of oxygen 

present during the sintering process. Argon gas was used to create the inert atmosphere inside the 

enclosure. Acrylic sheets were cut using Nd:YAG laser according to the design required and then 

added using acrylic glue. As Argon gas is heavier than air, the gas was delivered from the top 

which pushed out the air particles and hence created the inert atmosphere inside the enclosure for 

the laser processing. 

3.7 Computational Method in COMSOL® 

For simulation of the textured surface multiple input parameters were taken into 

consideration. Temperature profile, cooling rates, laser power, scan speed, frequency and pulse 

width of the laser are a few of them. To attain these important parameters a thermal model was 

developed in COMSOLTM (heat transfer transient mode). This helped to find the relation between 

different parameters while keeping some of them consistent. This was done in light of the model 

developed by Harimkar et al. [42]. The coupons were modeled as a 1 cm x 1 cm x 0.1 cm solid. 

The energy input and time of the system exposed to the energy were used to maintain the 

temperature evolution and cooling rates. The pulsed laser used for the process had a period of no 

laser emission. Hence, the repetition rate of the pulses along with the pulse width were used to 

calculate the residence time. This is the time the laser beam interacts with surface of the material. 

[43]. The relation can be described as: 

𝑅𝑒𝑠𝑖𝑑𝑒𝑛𝑐𝑒 𝑡𝑖𝑚𝑒 (𝑠) =
𝑅𝑒𝑝𝑒𝑡𝑖𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 (𝐻𝑧)𝑥 𝑃𝑢𝑙𝑠𝑒 𝑤𝑖𝑑𝑡ℎ (𝑠)𝑥 𝐵𝑒𝑎𝑚 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 (𝑐𝑚)

𝑇𝑟𝑎𝑣𝑒𝑟𝑠𝑒 𝑠𝑝𝑒𝑒𝑑 (
𝑐𝑚

𝑠
)

       (1) 

For ease of computation, the laser beam is considered as an almost-stationary (quasi-stationary) 

heat flux source. The heat source was considered as a movable source providing the coordinates 
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of the system. Thus, the laser beam is considered as stationary and the coupon was moved to 

provide the same parametric values. The time of the heat exposure was equal to the residence time. 

This approach has been previously used by Chen, et al., Du, et al. and Santhanakrishnan et al. [44 

- 46]. As the amount of laser interaction time is very small, the models used here also required, 

‘energy density,’ which is defined as the energy per unit of the beam cross sectional area. 

𝐸𝑛𝑒𝑟𝑔𝑦 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 (
𝑊

𝑐𝑚2) =  
𝐼𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑒𝑛𝑒𝑟𝑔𝑦 (𝐽)

𝑃𝑢𝑙𝑠𝑒 𝑤𝑖𝑑𝑡ℎ (𝑠) 𝑥 𝐴𝑟𝑒𝑎 𝑜𝑓 𝑖𝑛𝑑𝑖𝑐𝑒𝑛𝑡 𝑏𝑒𝑎𝑚 (𝑐𝑚2)
                 (2) 

The beam distribution was a Gaussian beam with temporal and spatial evolution. With a pulse 

width of 160 μs and cross-sectional area of 7.85 E -07 cm2. Equations (3) and (4) are used to model 

the heat transfer in solids: 

𝜌𝐶𝑝
𝜕𝑇

𝜕𝑡
+ 𝜌𝐶𝑝. ∇𝑇 + ∇. 𝑞 = 𝑄 + 𝑄𝑡𝑒𝑑                                        (3) 

and  

q = -k∇T                                                              (4) 

Where k and Cp are temperature-dependent thermal conductivity and specific heat respectively, as 

shown in Tables 6 and 7, using the equations used by Milošević and Savchenko [47, 48]. 𝜌 is the 

density of tantalum and calculated as 16,400 kg/m3. 

TABLE 6 

SPECIFIC HEAT OF TANTALUM AS A FUNCTION OF TEMPERATURE [47] 

Temp. (K) 293.1 298.6 300 … 500 600 900 

Sp. Heat 

(J/kgK) 
- - 141.8 … 145.4 146.9 151.1 

Temp. (K) 1000 1200 4000 4400 4600 5200 5400 

Sp. Heat 

(J/kgK) 
152.5 155.3 364 445 492 667 737 
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TABLE 7 

THERMAL CONDUCTIVITY AS A FUNCTION OF TEMPERATURE [48] 

Temp. (K) 293 300 400 … 4000 4200 4400 

Thermal Cond. 

(W/mK) 
57.6 57.6 57.9 … 67.5 68.0 68.5 

As laser induces a high temperature in a small amount of time, the material is heated and cooled 

in rapid succession and the temperature varies greatly. Hence, for accuracy of the mode, the 

thermal conductivity and specific heat capacity is considered as a function of temperature. The 

initial temperature is considered to be 293 K at time t = 0. The losses due to radiation can be 

expressed as: 

−k∇T = δaI − εσ(𝑇4 − 𝑇𝑎𝑚𝑏
4 )                                                (5) 

δ = 1, when 0 ≤ t ≤ tr 

δ = 0, when t > tr 

where ε is the emissivity of thermal radiation and σ is the Stefan-Boltzman constant with a value 

of 5.67 x 10-8 W/m2K4. The δ is incorporated in the equation to attain the laser residence time. The 

absorptivity of the material only comes into play when the laser is working, i.e., residence time. I 

is the laser incident energy as calculated before, and as for this specific material the absorptivity 

is assumed same as the emissivity [49], and taken as 0.2 [47]. 

The convection by the bottom side of the coupon was taken into consideration albeit the sample 

being sufficiently thick (1 mm) using equation (6): 

−k∇T = h(T − 𝑇𝑎𝑚𝑏)                                                     (6) 

where h is the heat transfer coefficient as a function of temperature taken [50]. The sample was 

not considered as a semi-infinite element and hence the convection from the bottom was 

considered. All models of the heat transfer were taken into account for increasing the accuracy of 
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the model. Non-uniform triangular elements were used for creating meshes. Along with that finer 

mesh size of 0.001 element size was used for getting more accurate results. The time steps were 

taken to the microsecond and as small as possible, to reduce computational time, to attain a small 

residence time and laser scan speed, as well as achieving correct temperature profile. More 

computations were performed to understand the melting depths and correlate that with the 

equations available.  

 A model was developed for the sintering of copper particles. For the partial melting and 

softening of the copper particles, appropriate amount of power had to be supplied. A simplified 

model was used to estimate this energy, which in terms, was used to decide the power parameters. 

The following assumptions were made for this model: 

•  The material properties of the copper micro-particles such as the specific heat density, heat 

of fusion, reflectivity and density were assumed to be equivalent to that of the bulk 

material. 

• The temperature at which the copper particles would sinter was assumed to be about 10 °C 

below the melting point of 1,085 °C. Common sintering temperatures of copper can vary 

between 600 – 800 °C, depending on factors such as size of the particle, morphology, 

structure and sintering time. Hence, the upper most limit of sintering temperature, 1,075 

°C was assumed. 

•  One major assumption was that all lasing energy would be absorbed by the particles. 

Therefore, no losses in the transfer of energy would occur to the environment or any optical 

component. 

• The spot size diameter was chosen as 10 μm and the uniform layer thickness of particles 

as 200 μm. In addition, the following parameters were chosen. 
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 Pulse energy, En (J) 

Spot diameter, D(m) - 1 x 10-5 

 Layer thickness, h(m) - 2 x 10-4 

 Final sintering temperature -, Tf (°C) 1075 

 Initial temperature -, Ti (°C) 25 

Using the following numerical model, the energy required to sinter a spot size diameter of ‘D’ and 

a layer thickness of ‘h’ using ‘n’ amount of pulses can be calculated [51, 52]. 

𝐸𝑛  =  
𝜌×𝜋×𝐷2×ℎ×{𝐶𝑝(𝑇𝑓−𝑇𝑖)+𝑙𝑓}

4×𝑛×(1−𝑅)
                                                       (7) 

and, Average power was determined as follows: 

𝑃𝑎𝑣𝑛 =  𝐸𝑛 × 𝑓                                                                  (8) 

where, f = repetition rate of the laser (Hz) 

Therefore, using a 20 kHz laser at 1 pulse for a spot size diameter of 10 μm and 200 μm layer 

thickness, the minimum power required to sinter was found to be 2.89 W. 

3.8 Computational Method in FLOW-3D® 

The resulting surface texturing process depends on multiple parameters. The unique ‘peaks 

and valley’ feature during the texturing process depends on: the temperature attained during the 

operation, ambient temperature, laser power, frequency of the laser, scan speed and overlapping 

of the laser beam. A similar scenario was created in Flow3D using first order explicit heat transfer 

condition. Constant pressure bubbles with vaporization was taken into consideration as well as 

density as a function of temperature. The melt region was considered as a laminar flow and non-

Newtonian viscous flow was also considered. The governing equations used during the process 

are as follows: 
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Mass conservation equation, 

∇. v = 0; ℎ𝑒𝑟𝑒 v 𝑖𝑠 𝑡ℎ𝑒 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑣𝑒𝑐𝑡𝑜𝑟                                      (9) 

𝑁𝑎𝑣𝑖𝑒𝑟 − 𝑆𝑡𝑜𝑘𝑒𝑠 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛, 

 
∂𝐯

∂t
+ 𝐯. ∇𝐯 = −

1

ρ
∇P + ν∇2𝐯 − K𝐯 + G                                       (10) 

Where 𝐾 =
𝐹𝑠

2

((1−𝐹𝑠)3+𝐵)
 𝑎𝑛𝑑 ν = ν0 (1 −

𝐹𝑠

𝐹𝑠,𝑐𝑟
) and G is the body acceleration due to body force. 

The molten metal was considered to have a drag coefficient of zero and the dynamic viscosity was 

considered to be constant as previous research has shown that the temperature dependent model 

provides similar results as the constant viscosity model [53]. Also, the energy conservation 

equation was taken into consideration during the simulation as: 

 
𝜕h

𝜕𝑡
+ 𝐯. ∇h =

1

𝜌
∇. (𝑘∇T)                                                    (11) 

The VoF (volume of fluid) equation is given as,  
𝜕F

𝜕𝑡
+ ∇. (𝐯F) = 0                                                         (12) 

A partial model of the actual coupon size (1 cm x 1 cm x 0.1 cm) was developed to reduce 

computation time. The pulsed laser was imitated by incorporating a period of no lasing during the 

operation. Hence the residence time was calculated using the repetition rate and pulse width of the 

laser. As explained by Samant et al., residence time is the amount of time when the laser interacts 

with the material [43].  

Residence time (s) =  
Repetition rate x Pulse width x Beam diameter 

𝑇𝑟𝑎𝑣𝑒𝑟𝑠𝑒 𝑆𝑝𝑒𝑒𝑑 
 

The laser beam moved as a heat source to facilitate the texturing operation and time intervals were 

provided to match the residence time. The specific heat and thermal conductivity were considered 

using functions of temperatures. As an example the specific heat of 316L stainless steel were 

considered to be a function of temperature as per the equations developed by Leibowitz et al. [54]:  
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Cp (J/KgK) = 462.656 + 0.1338 T (for T ≤ 1700 K)  

 All sources of heat loss (convection and radiation) were taken into consideration in the 

simulation. Finer mesh was used in the place where the material reacted with the laser to attain 

more accurate results.  

3.9 Hot Press for Sintering 

A 20 ton hot-press Dulytek® was used to press the particles prior to sintering to facilitate 

better sintering approach. A temperature of 350 °C was reached and the particles were pressed 

prior to the sintering process. The timing of the pressing was recorded to find any correlation. A 

mold was designed to pour the particles and it was placed on the plates to heat up to the desired 

temperature and then the manual lever was pressed to slowly pressurize the particles. After the 

desired pressure was reached it was kept under that pressure for a certain predefined time and then 

slowly released. The pressed particles were carefully taken out of the mold and taken to sinter 

using the laser.  
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 Laser Texturing of Tantalum 

 The structural changes of tantalum were observed under a high-resolution Hirox® optical 

microscope to correlate material characteristic changes to the different parameter changes of the 

laser system. The HAZ (heat-affected zone) was found to be of little significance with ultrafast 

lasers, as the heating was mostly localized. As the surface might not be even in all the places, the 

depth and width of the melt line was measured in three different samples of the same parameters 

at five different places as shown Figure 3 and Figure 4.  

 

         

  

An average measure was taken into consideration. Different residence times were chosen while 

calculating the temperature profile using COMSOLTM. A MicroXam-100 optical profilometer by 

Figure 3: Measurement of the melt width 

with Hi-Res Optical Microscope 

100 um 

Figure 4: Measurement of the melt depth (in µm) with 

Hi-Res inverted microscope 
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KLA-Tencor was used for creating a 3D surface of the textured surface area. The materials depths 

found from the optical profilometer is in close tolerance with the values found using the equation 

described in the literature [55, 56]: 

𝑙𝐻 = √4𝛼𝑡𝑟………. (9) 

 Where lH is the diffusion length, tr is residence time and 𝛼 is thermal diffusivity. The 

different diffusion lengths are found depending on different residence times. As residence time 

depicts the amount of time the laser beam was exposed on the material, the depth of the material 

varies with it. These results are shown in tabulated form in Table 8. 

TABLE 8 

DIFFUSION LENGTH, TEMPERATURE REACHED AND CONTACT ANGLE AT 

DIFFERENT PULSE WIDTH AND RESIDENCE TIME DURING MATERIAL TEXTURING 

Pulse width 

(μs) 

Residence 

time (μs) 

Melt line 

Width (μm) 

Diffusion 

length (μm) 

Calc. diff. 

length (μm) 

Temp. 

reached (K) 

Contact 

Angle (deg) 

100 12 118.5 24.2 25.21 3750 152.5 

150 18 120.2 29.6 29.59 3770 154.5 

200 24 122.2 34.2 34.17 3800 157 

250 30 119.5 36.8 36.52 3950 154.5 

300 36 123 40.1 40.05 4010 155.5 

As Table 7 shows, the diffusion length increases with an increase of pulse width and residence 

time, in concurrence. The diffusion length values are further checked with the diffusion length 

acquired from the equation (9) as stated before. The temperature acquired are compared with the 

predicted values and are found to be in concurrence within five percent of tolerance. 

 As per Figure 5, increasing the pulse width or residence time increases the temperature of 

the textured surface. This can be inferred to the statement that with the increase of either of the 
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pulse width or residence time, the surface is getting more exposed to the thermal energy, increasing 

the temperature. 

As shown in Figure 6, it can be inferred that the diffusion length increases with the increase of 

pulse width or residence time. As the pulse width increases with a constant duty cycle, the 

residence time will increase exposing the surface of the material to greater energy. Consequently, 

the diffusion length will increase as a result of further melting of the material. Performing a 

polynomial fitting for both the graphs indicated a polynomial of second order with an adjusted R-

square value of 95 % which ensures a good model with the fitting. It was observed that an increase 

in the residence rate increases the exposure of the laser beam and heat flux on the surface of 

tantalum thereby significantly raising the temperature of the material. Although it can be seen from 

Table 4 that the temperature reached during the laser surface texturing is not higher than the 

melting point of tantalum, it can be inferred that localized melting has taken place in the material 

Figure 6: Graphical representation of the 

relation between pulse width, residence time 

and diffusion length 

Figure 5: Graphical representation of the 

relation between pulse width, residence time 

and temperature 
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and hence peaks and valleys are created leading to a textured striated surface. The diffusion lengths 

and residence times are shown in a box and whisker plot in Figure 7.  

In addition, the profile of the material surface can be attributed to the Gaussian energy distribution 

of the laser beam during the process. Because of the higher intensity of the laser beam in the center, 

the valleys tend to form with higher melting and transfer of heat energy into the surface. Compared 

to that, the outer area of the beam carries less energy. Although overlapped by two successive 

passes during the laser texture process, the material in that area is not removed as much as the 

material exposed to the center of the beam. This creates the unique ‘peaks and valley’ feature of 

the textured material.  

 The ‘water contact’ angle was measured to attain any significant change in the properties 

of the tantalum surface with the change in the melt depth. The contact angle was measured using 

a standard droplet of water and using the drop shadow method. The solid liquid interaction was 

taken into consideration while projecting a light on the drop to capture outline of the liquid drop 

on the surface. The data collected with different residence time are shown per Table 6. The contact 

angle was measured in different sections of the sample and averaged out to get more accurate 

results. A sample of the contact angle measurement and drop shadow method is shown in Table 9 

Figure 7: Box and whisker plot of the diffusion length at different residence times 
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and Figure 8. The contact angle has increased with the increase of the residence time. It can be 

inferred that the surfaced texture has shown an inclination of being hydrophobic with the increase 

of residence time. As the residence time has increased the surface was exposed with higher 

irradiation increasing the temperature and removing oxygen from the surface because of the heat. 

This change in the surface also increased the hydrophobic characteristics of the material. 

TABLE 9 

SAMPLE CONTACT ANGLE MEASUREMENT 

 Time (s) CA (Left) CA (Right) CA (Mean) 

 0 152.82 157.01 154.92 

0.11 152.88 156.96 154.92 

0.22 152.97 156.78 154.88 

0.33 153.04 156.68 154.86 

0.44 152.89 156.89 154.89 

0.55 152.71 156.86 154.78 

0.66 152.9 157.17 155.03 

0.77 152.8 157.18 154.99 

0.88 152.74 157.2 154.97 

0.98 152.84 157.12 154.98 

Avg. 152.86 156.99 154.92 

Min 152.71 156.68 154.78 

Max 153.04 157.2 155.03 

Range 0.33 0.52 0.25 

St. Dev 0.1 0.18 0.07 

Droplets 

Surface 

Figure 8: Sample contact angle measurement using ‘Drop Shadow’ method 

1mm 1mm 
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The increase of hydrophobic characteristics can be inferred to the narrow valley feature on the 

textured surface of the material which reduced the total contact area of the liquid and the material 

creating lesser attraction of the two. The hydrophobic state of the tantalum surface can be explained 

with the Cassie-Baxter model. According to the model [57], roughened surface can affect the 

contact angle between the liquid droplet and the surface in consideration. Moreover, in 

nanotextured surfaces, the liquid droplets tend to have limited contact with the solid surface, in 

this case unique and valley features. This facilitates in creating a hydrophobic surface due to higher 

asperities. As per the studies performed by Johnson et el. [58], a droplet reaches an equilibrium 

condition of contact angle on a rough surface to attain to a minimum free energy in the total system 

similar to that of a flat surface. If the feature dimensions are smaller than the liquid droplet, the 

energy state sustains an overall minimum. This also attributes to the higher contact angle 

mentioned by the Cassie-Baxter model previously as shown in equation (13). 

𝑐𝑜𝑠𝜃𝐸 = 𝑟∅∅𝑠𝑐𝑜𝑠𝜃1 + (1 − ∅𝑠)𝑐𝑜𝑠𝜃2                                          (13) 

where ∅𝑠 is the fraction of the air-liquid interface engulfed by the liquid and the texture, 𝑟∅ is the 

roughness of the textured surface and 𝜃1, 𝜃2 are the equilibrium contact angle for solids i.e. 𝜃𝐸  and 

gas, in this case air. Hence, the 𝑟∅∅𝑠 and (1 − ∅𝑠) are considered to be the solid-liquid and air-

liquid interface respectively compared to the total area. As the free energy tends to reach a 

minimum value, the contact angle of the increases and reached hydrophobic and superhydrophobic 

range. As non-wetting properties are often required in different applications in industries, having 

a one-step fabrication process can increase the acceptability of the texturing method in these areas. 

As per different experiments performed by Maxym et al. [59], laser texturing can be performed as 

a reproducible and accurate feature in different kind of materials. Although the materials are 



 

29 

 

hydrophilic in general, depending on the textured surface morphology it can behave as a 

hydrophobic surface.  

4.2 Laser Texturing of Stainless Steel, Titanium and CoCr 

 Patterned and unpatterned surfaces of all three materials under SEM shows distinct features 

prominent with texture marks. Although from general point of view, Stainless steel and cobalt- 

chromium has more distinct peaks and valleys under 300X magnification as shown in Figure 9. 

Comparing at a magnification of 1000X and 5000X it is seen that the grain boundaries are more 

visible in all the samples as shown in Figure 10. This was also noticed during the surface roughness 

measurement of the samples. As shown in Figure 11, the surface roughness of Titanium alloy is 

less than that of both stainless steel and cobalt chrome alloy. The higher surface roughness of the 

Figure 9: SEM view of the coupons at 300x Magnification (a) Unpatterned and (b) Patterned 

Stainless Steel (c) Unpatterned and (d) Patterned Ti Alloy (e) Unpatterned and (f) Patterned 

Cobalt Chromium 



 

30 

 

titanium surface can be inferred to the material composition of the titanium alloy. As all the 

materials were irradiated with the similar pulsed energy, titanium exhibited less material removal 

and smaller surface roughness. 

The surface roughness of the textured surface was measured using a MicroXam-100™ optical 

profilometer. The profilometer reading shows that titanium alloy has lesser valley depth compared 

Figure 11: Surface roughness of SS, Ti and Cobalt Chromium textured surface 

Figure 10: SEM comparison of the coupons at 1000X and 5000X Respectively of (a, b) 

Patterned Stainless Steel (c, d) Patterned Ti Alloy (e, f) Patterned Cobalt Chromium 

42 𝜇m 54 𝜇m 42 𝜇m 

5 𝜇m 5 𝜇m 5 𝜇m 
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to that of the other two materials under the same laser parameters. Comparing the surface 

roughness of stainless steel, cobalt chromium and titanium, it can be stated that stainless steel 

shows uniform surface roughness compared to that of cobalt-chromium. Moreover, the higher 

surface roughness of stainless steel also indicates possible better cell adhesion which is a 

prominent application for these three materials. As, Curtis and Wilkinson [60] described according 

to their study, the surface topography is more prominent than chemical composition of the surface 

for affecting cell adhesion. Moreover, Niederauer et el. [61] supported the claim stating that 

surface roughness also increases surface wettability increasing adhesion of the cells. An energy-

dispersive X-ray spectroscopy (EDX) analysis of both the peaks and valleys of the setup are shown 

in Figure 12. According to the EDX analysis, in all the cases the amount of oxygen in the valley 

has depleted from the value in peak of the texturing. This can be attributed to the amount of heat 

created during the texturing process and reduction of oxygen. Moreover, for stainless steel and 

cobalt-chromium the oxygen percentage became almost zero in the valley. However, for titanium, 

oxygen percentage depleted from 23.68 to 14.5, respectively from peak to valley (% weight). This 

can be explained by higher thermal conductivity of titanium in comparison with that of stainless 

steel and cobalt chrome alloy which distributed the heat quicker than the other two material and 

thus, contributing to lesser oxygen. This can be further bolstered by the temperature attained during 

the texturing operation. It was observed during the texturing procedure that, titanium reached the 

lowest temperature compared to that of the other two materials during the operation. The 

temperature was measured using an embedded thermocouple in the XY bed during the operation. 

The presence of oxygen on the valleys and peaks also indicated that there was a presence of oxides 

on the surface of the textured metal. And the oxidized surface is more hydrophilic compared to the 
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non-oxidized surface. The measure of contact angle also shows that the titanium alloy showed the 

maximum percentage of reduction after the sintering process. 

Figure 12: EDX of the patterned coupons at Peaks and Valleys Respectively of 

(a) and (b) Stainless Steel, (c) and (d) Ti Alloy, (e) and (f) Cobalt-Chromium 
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The contact angle of all the three materials were measured to find any effect on the wettability by 

the surface texturing. As shown in Figure 13 and Table 7, the contact angle of all three of the 

materials changes because of the textured surface.  

 

The contact angle measurement was carefully performed by introducing a specific amount of de-

ionized water (7 µL) on the surface of the textured coupon and measure the contact angle. 

According to the experimental values [62], the contact angle of 316L stainless steel is near 820. 

The surface texturing of 316L has reduced the contact angle to an average of 71.62° with a variance 

of 0.1736. The measurement was taken five times and variance were checked to make sure the 

data is within the acceptable limit as per the Table 10. Study performed by Chudinova et al. [63] 

titanium alloy has a contact angle close to 105°. Compared to that, the surface textured titanium 

alloy has an average contact angle of 76.276° with a variance of 0.107. Similar to that, the cobalt 

chromium shows a reduced contact angle of 68.56° compared to that of an unpatterned cobalt 

chromium contact angle of 970 with a variance of 0.2824. 

TABLE 10 

CONTACT ANGLE MEASUREMENTS FOR STAINLESS STEEL, COBALT CHROMIUM 

AND TITANIUM ALLOY 

Material Stainless Steel Titanium Alloy Cobalt Chromium 

CA 

(degree) 
71.1 71.5 72 71.3 72.2 76.08 76.1 75.9 76.5 76.8 67.8 69.1 68.5 69.2 68.2 

Variance 0.1736 0.107104 0.2824 

Figure 13: Contact angle measurement of a) Stainless Steel b) Titanium and c) Cobalt Chromium 

1mm 1mm 1mm 
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In all the cases the textured surface has made the materials more hydrophilic in comparison with 

the untextured surface. It can be concluded that the textured surface using a nanosecond laser 

increases the adhesion between the water molecules and the surface. 

 For a magnified view of the samples, optical microscopic images were captured for finding 

the difference in grain boundary, with and without anodization. The layers on the samples due to 

anodization were better visible with the optical microscopic images. It was seen from the optical 

microscopic images that colored layers were formed on the surfaces due to the anodization process. 

With the increased time for drying, the colored surface layers became more prominent in the 

microscopic images. 

4.3 Effect of Changing Overlapping Percentage During Surface Texturing of Tantalum 

Effect of changing the overlapping percentage was tested on tantalum coupons. The results 

concluded to have an effect on the material surface as well as the surface properties of the material. 

As shown in the Figure 14, the peaks and valleys have a different shape compared to that one using 

a higher overlapping value. This can be explained by the overlapping gaussian beam heat 

distribution via overlapping raster scan paths. The nano-second laser provides lesser time for the 

material to dissipate the heat and hence most of the heat is used to melt the material under the laser 

beam and the structures are more uniform. However, the mechanism in a femto-second laser is 

Figure 14: Microsecond laser textured tantalum sample at a) 20x and b) 50x magnification 

b) a) 
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more complex. Because of the ‘coulombic explosion’ phenomenon, the structure tends to have 

different surface morphology compared to traditional microsecond laser irradiation. Coulombic 

explosion refers to the phenomenon of the solid materials reaching vaporization or gaseous phase 

before reaching liquification phase because of the intense amount of heat transfer in a very short 

amount of time. Spallation and phase explosion are mostly attributed to the material removal 

process under femtosecond laser exposure and hence the peaks and valleys are different under 

those circumstances.  

4.4 Comparison of Nanosecond and Microsecond Pulsed Laser Surface Texturing of 

Tantalum 

The samples were cleaned and placed under Keyence® Confocal microscope for analyzing 

further. From a regular view both of the texturing were similar. As shown in Figure 15, both the 

samples show almost similar grooved marks. The centerlines are the valleys and rest of them are 

the peaks. These are attributed to the gaussian profile of the laser beam. The valleys are the place 

where the center of the laser beam having the maximum irradiation and the peaks are the 

overlapping of the beams and outer skirt of the gaussian profile. From the 20X magnification It 

can be seen the nanosecond pulsed laser induced textures are a little wider than that of microsecond 

Figure 15: Textured surface of tantalum at 20x magnification  

Left: micro and Right: nanosecond pulsed laser 

200 𝜇m 

200 𝜇m 
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pulsed laser. Adding to that it was also observed that the nanosecond texturing is less streamlined 

compared to that of the microsecond laser. This can be explained with the help of the laser 

irradiation time as well as the pulse gap between the two lasers. The nanosecond laser has pulse 

gaps of nanoseconds whereas the microsecond laser attains a gap of microsecond. That is a 

difference of 1000 magnitude between the two times gaps, providing the surface less time to 

dissipate the heat. Consequently, the surface gets less time to cool down and eventually reaches a 

higher temperature than the microsecond laser texturing process. As a result, the higher 

temperature yielded a high rate of melting and subsequent cooling resulted in a lesser straight raster 

scanned line. The measurement of the width of the valleys showed a value of 12.585 𝜇m for 

microsecond and 16.322 𝜇m for the nanosecond textured validates the explanation.  

The profilometric data in Figure 16 showed that in both of the scenarios, the peak to valley distance 

was almost similar A linear profile reading of both the micro-structures also bolster the similar 

conclusion. As shown in Figure 17, in both the cases the surface roughness was on average close 

to 0.75 𝜇m (0.761 𝜇m for micro and 0.747 𝜇m for nanosecond pulsed laser). The surface roughness 

is a measure of the surface characteristics which is directly related with the peaks and valley feature 

of the microstructure. An arithmetic mean peak curvature (Spc) was calculated using the principal 

curvature of the peaks on the microstructure surface. This represents the arithmetic mean of the 

values. Having a smaller value of the Spc means the contact point of the surface with other surface 

Figure 16: Profilometric measurement of microstructure texture  

(Left: Microsecond, Right: Nanosecond Pulsed Laser) 
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is rounded in shape whereas having a higher value indicates the peaks having pointed shapes. The 

Spc values for both the cases were larger, namely 495.14 for microsecond and 369.6 for 

nanosecond pulsed laser textured surface indicating similar pointed structure for the peaks. 

One of the key characteristics of the materials used in bio-implants is how it behaves in the 

presence of water on its surface, i.e., hydrophobicity or hydrophilicity of the surface. The contact 

angle measurement of the surface was done and in both of the cases the contact angle measurement 

was almost similar with a minimal standard deviation. As shown in Table 11, the contact angles 

were measured with an interval of approximately 110 milliseconds for a time of one second in 

total. The angles were measured tabulated to check the repetitiveness and accuracy of the data. As 

shown in the table, the contact angle of the nanosecond pulsed laser treated surface was 154.92 

with a standard deviation of 0.075. The same for microsecond pulsed laser treated surface was 

found to be 155.37 with a standard deviation of 0.36. Moreover, the values slowly reduced in both 

the cases. This is attributed to the fact of the water droplets slow evaporation and reduction in the 

quantity provided on the surface of the material. In both the cases, the values of contact angles are 

over the hydrophobic range for the surface of the material; inferring in both the cases, that the 

material surface has changed the material properties from hydrophilic to hydrophobic. 

 

Figure 17: Linear roughness along the cross section of microstructure texture 

(Left: Microsecond, Right Nanosecond Pulsed Laser) 
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TABLE 11 

SAMPLE CONTACT ANGLE MEASUREMENT 

Time (s) 

CA 

(Nanosecond 

laser) 

CA 

(Microsecond 

laser) 

Time (s) 

CA 

(Nanosecond 

laser) 

CA 

(Microsecond 

laser) 

0 154.92 155.45 0.55 154.78 155.51 

0.11 154.92 155.75 0.66 155.03 154.99 

0.22 154.88 154.91 0.77 154.99 155.71 

0.33 154.86 154.92 0.88 154.97 154.99 

0.44 154.89 155.72 0.98 154.98 155.79 

Avg. 154.92 155.37 Range 0.25 0.88 

Min 154.78 154.91 St. Dev 0.075 0.36 

Max 155.03 155.79 

Both of the surfaces are found to be hydrophobic in character. This can be explained by the 

reduction of the contact area by the microstructure peak and valley feature. This non-wetting 

property is important in cases where water droplets might reduce or even hinder the functionality 

of the surface. This increases the chance of using lasers as a mean of one stop fabrication of 

products from materials which possess the require properties but hydrophilic in nature because 

laser texturing is a reproducible and accurate process [59]. 

The numerical study also exhibited similar characteristics as found in the experimental 

values. The simulation was performed with a model one-tenth of the actual size (1mm x 1mm x 

0.1mm) because the model has a symmetry. As shown in the cross section along a valley of a 

nanosecond pulsed treated surface is almost similar to that of a microsecond pulsed treated 

surface. Also, from the simulation the depth of the valley is found to be approximately 1 𝜇m along 

y axis of the graph which is similar to what was found from the profilometric measurement of the 
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textured coupon. This study can facilitate understanding the effect of lasers in short and ultrashort 

pulsed laser material interaction during the process. 

 

4.5 Flow3D® Simulation of Surface Texturing of Stainless Steel 

The simulation results from Flow3D are in good agreement with the that of the 

experimental results. For computational easiness the meshing zone was reduced to one single 

texturing while keeping the dimension of the coupon same. As shown in Figure 18, the laser 

texturing affects only a small area around the heated surface as also found in the experimental data. 

The temperature reached around 2000 K during the sintering process, which is above the melting 

point of the 316L stainless steel. This agreed with the temperature measured during the 

experimental process (1970 K).  

 

As shown in Figure 19, the depth of the valley was measured, and it was close to the depth 

measured in the confocal microscope. The measurements were performed using the confocal 

microscope after creating the three-dimensional profiles of the coupons.  The surface as shown in 

the Figure 19b, shows a uniform structure both in the peaks and valleys of the material surface 

periodically. Moreover, the cross-sectional value of the texturing along the laser travel path shows 

a) b) 

Figure 18: Simulation of the laser texturing of 316L stainless steel a) full coupon b) cross 

sectional view 

1 mm 1 mm 
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similar structures and roughness as was found in the confocal microscope measurements, 

validating the results of the simulation as well as the similarity of the scenario and parameter 

selection. 

The average value of the surface roughness measured from the confocal microscope is 0.268 µm. 

The simulation results shown in Figure 19b also shows similar results by showing the melt region 

having similar depth causing the valley to be created during the simulation process. The measured 

value in the simulation was 0.25 µm with an error percentage of 7.2 %. This facilitates the use of 

the simulation to understand the results of change of laser parameters in real life by the use of 

computational resources. 

4.6 Laser Sintering 

 Sintering was performed on 200 μm sized copper particles for creating a monolayer 

structure. Laser sintering with a microsecond laser exposes the material particles to a high amount 

of heat flux in a short (microsecond) time. Without the exact condition applied during the sintering 

process the particles can melt and fuse to create a welded structure. If the heat is insufficient to 

reach just below the melting point of the particle, sintering will not occur. Depending on the 

behavior of the sintered particles, a DOE (design of experiments) was utilized to find out the range 

of the parameters that creates better sintering. By varying the pulse width and pulse period it was 

Figure 19: Measurement of the line roughness from the a) confocal microscope and b) simulation 

a) b) 

𝜇
m

 

mm 
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possible to attain a sintering of monolayer particles with the desired amount of porosity. It was 

observed that multiple passes create better sintered monolayer structure. This is due to the fact that 

the first pass increases the temperature of the particles and distributes the heat evenly on the 

surrounding particles as well as the copper particles. The laser parameters used for the sintering 

are shows in Table 12. 

TABLE 12 

LASER SINTERING PARAMETERS 

Pulse Period Pulse Width Defocused Length Atmosphere 

1000 μs 205 μs 11 cm from the focal plane Inert gas (Argon) 

As shown in Figure 20, both the conventional and laser sintered particles show similar single layer 

structure under optical microscope in 10X magnification.  

For the laser sintered particles, some minimal protrusion was observed, which could be attributed 

to the localized heating during the laser sintering process. This can be overcome by ensuring better 

distribution of the heat during the sintering process which can be done by allowing better focusing 

of the laser beam on the material particles. Defocusing the laser beam can have a larger coverage 

100m 100m 

Figure 20: Sintered particle under optical microscope at 10x Magnification 

a) Conventional Sintering b) Laser Sintering 

(a) (b) 



 

42 

 

on multiple particles and distribute the heat evenly on the particles, rather than having the beam 

focused on one single particle. Such an arrangement can yield a more precise sintering of the 

adjacent particles. The focusing of the beam was achieved by moving the xyz stage along the z 

axis further down from the laser process head. This ensured the lens of the process head converges 

the collimated beam above the plane of the particles and later it is diverged again hitting the 

particles with a higher area of irradiation. 

For better understanding of the structure, the particles were viewed under a profilometer. 

A 3D profile was created for both the conventional and laser sintered particles by taking multiple 

image at different focal planes. As shown in Figure 21, both the structures show similar features 

in the 3D profile. The spacing between the particles are almost identical. Unlike the conventional 

furnace sintering process, the laser sintered particles characteristics depend on the laser travel path. 

Having overlapping laser travel path ensures the joining of adjacent particles. Hence, the raster 

scan can create unique structures according to the need of the application.  

A roughness test was performed on the sintered structures (Figure 22), and the roughness 

profile for both methods were similar. The depressions in the roughness chart represents the 

Figure 21: 3D view sintering under optical profilometer at 10X magnification 

a) conventional and b) laser sintering 
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porosity in the structure because at those depressions, there are no particles present. For both 

sintered cases, it is observed that the gap and depressions show similar patterns. Moreover, the 

surface roughness values are also almost identical in both the cases. Therefore, it can be concluded 

that laser sintering can produce the same results as that of conventional sintering. This means that 

the overall sintering period can be greatly reduced by using the laser sintering method.  

The mass of water entrapped in the sintered microstructure was measured using the water 

entrapment test. The index test was done for a total of five times to eliminate any uncertainty in 

the result. The porosity index was 0.277 with a 5 % tolerance for the conventional sintering. The 

laser sintered structure was calculated to have a porosity index of 0.194 with a tolerance of 6 %. 

The results were close enough to infer that laser sintering can have a porosity index close to that 

of conventional sintering. Although the error percentage of the porosity index between the two 

process was around 29 %, but it is found through the experiment that the porosity can be further 

controlled to attain similar results. 

Figure 22: Surface roughness (Ra) chart of the sintered particles a) Conventional sintered particles 

b) laser sintered particles 

(a) 

(b) 
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4.7 Hot Pressed Sintered Particles 

The particles were also pressed in a 20,000-ton hot press prior to sintering to understand 

whether that positively impacts the sintering of the particles. The hot press was heated up to a 350 

°C (660 °F) prior to pressing the particles. A mold was developed which was used to put the 

particles inside and heated up prior to the pressing the particles. The pressing time was also 

calculated to find whether there is any correlation between the pressed particle’s packing and the 

pressing time. After the pressing, the samples were removed and put under the laser to sinter. Both 

the un-sintered and sintered particles were taken under the confocal microscope to understand and 

study the material structure. As shown in Figure 23, the pressed and sintered particle is showing 

better structure and packing compared to that of only pressed particles. Also, the sintering is visible 

in the Figure 23 (b), which bolsters the laser sintering process. The surface roughness of the 

sintered particles is better than only the pressed particles. Moreover, the measured surface 

roughness was found to be better than that of only sintered particles without any pressing. This 

study shows promising results and can be studied further to enhance the sintering process in future. 

 

Figure 23: Confocal microscope image of a) pressed and b) pressed and sintered particle 

(a) (b) 
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CHAPTER 5 

CONCLUSION 

 The sample materials were cut into coupon sizes of 1 cm x 1 cm x 0.1 cm size for surface 

texturing on one side. Because of the Gaussian profile of the laser beam and overlapping passes, 

the unique ‘peaks and valley’ feature was created. The study mainly focused on the topographical 

changes of three different materials exposed under the same laser parameters. Upon the completion 

of the enhanced surface texturing, the samples were observed under an SEM with different 

magnification. It was observed that although the same laser parameters were used for all the 

materials, the surface textures were different in different materials. Also, a similar condition was 

created in Flow3D® to compare the surface temperature with that of the experimental one which 

came to be of close value. The laser was used to create enhanced surface texture to facilitate ‘cell 

adhesion’ by incorporating surface roughness. The study showed that among the three different 

materials, titanium exhibits the least amount of temperature-development during the texturing 

process. In aspect of oxygen content, both cobalt chromium and stainless shows zero quantity of 

oxygen in laser affected zone compared to that of titanium. Moreover, surface roughness of 

stainless steel is more uniform, in comparison to that of cobalt-chromium. According to previous 

research, the uniform surface roughness facilitates adhesion of cells when these materials are used 

as bioimplants. The contact angle measurement study revealed in all the three cases, the textured 

material behaved to be more hydrophilic compared to unpatterned surface of the same material. 

Along with that the surface melt depth of tantalum agreed with that found by the use of equation 

in close tolerance. This study can help predicting the melt depth of specific materials by combining 

this study result with the simulation. The comparison of micro and nanosecond pulsed laser created 
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micro-structured showed almost near similar characteristics which can be further studied to 

understand how that can be used to enhance material surface in an improved manner. 

 Additive laser sintering research using the pulsed microsecond CO2 laser with the 

controlled manufacturing parameters, successfully provide a new pathway to fabricate the desired 

metallic porous structures. The fabricated sample using the new laser sintering process did not 

show any significant difference from the one using the conventional sintering process, such as the 

pore-scale geometry and porosity. It was found that specific level of the porosity can be attained 

by controlling the scan speed, overlapping and power of the laser. This study also showed that the 

laser sintering process substantially reduced the fabrication time by an order of magnitude, which 

enables to provide a fast prototype. In some cases, a burnt surface of the copper particle is found 

in the laser sintering process which can be attributed to the inert atmosphere created during the 

process. Better control and the provision of an inert atmosphere eradicates that problem. An inert 

gas enclosure was developed to eradicate oxidation of the copper particle. Furthermore, a hot press 

was used to heat and press the particles prior to the sintering process. This experiment showed 

better results than the structures where the materials were only sintered without any pressing. This 

study can be extended to understand how the pressing can be used to have multilayer wick structure 

and facilitate the joining. This will help in creating improved wick structures with better porosity 

and reduced laser machining time.
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CHAPTER 6 

FUTURE WORKS 

 The surface texturing pattern could be changed by changing the raster scan method 

to see the effect on the material with respect to material properties, as well as functionality. This 

change of the scan pattern might have an effect on the material properties, as it changes the 

unique ‘peak and valley’ characteristics of the textured surface. Different structures other than 

the ‘peak and valley’ structures can be fabricated to study how material properties vary and to 

what extent. A comparison of the materials under similar ‘laser irradiation,’ but showing 

different hydro-affinity can be performed to understand what caused the change in the surface 

properties of the material. Femtosecond laser texturing can be compared with nanosecond 

texturing to understand the similarities and differences, regarding surface and energy interaction 

in the irradiated area. 

As the particle ‘hot pressing’ prior to their sintering using the laser, is showing promising 

results, different ‘press times’ can be explored to see its effects on the final sintered particles. 

To ensure better sintering of the multilayer structure, this research could also focus on heating 

the successive layer prior to the exposure of laser beam on the un-sintered particles. Different 

particles could be used to produce sintered structures, to better understand the laser-material 

interaction during the process. Pressing successive layers together can also increase the 

possibility of better sintering after the laser irradiation is performed. The particle-particle 

interaction should be further studied during the ‘hot press’ of the particles to be able to control 

the porosity more accurately. The porosity index can be further related with the particle diameter 

to attain a better level of porosity control. A simulation of the sintering process with the study 

of porosity can further enhance the understanding of the total scenario. 
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APPENDIX A                                                                                                                                                                

THE LASER SYSTEM INSTALLATION 

 

 

As mentioned previously, the Coherent™ DIAMOND J-3 Series OEM laser is a sealed, 

microsecond pulsed CO2 laser. This means that it utilizes carbon dioxide as its active laser medium 

and its laser discharge mechanism is of pulsing characteristic. The latter characteristic is unique to 

this laser as a CO2 laser is usually a continuous wave (CW) laser, i.e. a laser beams whose output 

power is constant over time. However, by employing a slab discharge design, the pulsing 

characteristic of the J-3 laser is able to reach peak powers greater than 750W. 

Some of the features that the Coherent Diamond J-3 series possesses are as follows: 

Wide operating power range 

High peak power of up to 750W 

Fast rise and fall time 

Outstanding beam quality 

Good power stability 

Low cost OEM configuration 

Compact design 

Onboard internet accessible diagnostics 

Pulse frequency from single-shot to 200 kHz 
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With pulsed repetitions rates of up to 200 kHz, combination of wavelength selection and high peak 

power, the J-3 laser is capable of producing an excellent and clean beam quality essential for 

researching various applications onto a variety of materials. 

The major applications for this laser are converting, cutting, scribing, engraving, marking, drilling. 

Laser sintering is also another area of application that will be researched in the future.  

Table A1 - Coherent Diamond J-3 Series Laser Specifications[64] 

Specifications Diamond J-

3 9.4 

Diamond J-3 

10.2 

Diamond J-3 

10.6 

Wavelength (µm) 9.36 ± 0.05 10.25 ± 0.1 10.6 ± 0.4 

Output Power2 (W) ≥ 250 ≥ 225 ≥ 250 

Power Range (W) 10-225 10-225 10-250 

Nominal Peak Power4 (W) ≥750 

Mode Quality <1.2 

Beam Waist Diameter at 1/e2 (mm) 7.0 ± 1.0 8.5 ± 1.0 8.5 ± 1.0 

Full –Angle Beam Divergence (mrad) ≤ 2.4 ≤ 2.0 ≤ 2.0 

Pulse Frequency (kHz) Single-shot to 200 

Figure A1 - Coherent™ Diamond J-3 Series Laser 
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APPENDIX A (continued) 

 

 

Additional Components of the Laser System 

 The laser is a definitely an essential component to the entire laser system, but it cannot be 

run independently. Additional components and systems are required to be installed as well to 

ensure a smooth and non-interruptive beam. These systems also maintain and regulate the 

properties of the beam and its quality. Below is a list of these components and their functions. 

Beam Enhancer 

 A beam enhancer is responsible to prevent any back reflections of the laser from re-entering 

the laser cavity. In addition, the laser beam quality enhancement system is also used to preserve 

and maintain the intra-cavity conditions, mode quality, and power stability. Lastly, another very 

significant function of this system is to convert the laser beam from a linearly polarized beam to a 

circularly polarized beam. 

 

 

 

 

 

 

 

 

 

 

 

Figure A3 - Laser Beam Quality Enhancement System 

(Model No. BQE-25) 
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APPENDIX A (continued) 

 

 

Safety Shutter 

The safety shutter in a laser system ensures the safe and clean operation of the laser beam. 

It is designed to temporarily shut off the laser beam emission for user safety. As the shutter is 

closed the laser beam is then reflected off of the shutter blade into a beam dump to terminate the 

beam. The blade in the shutter is used as fail-safe operation and will automatically close during 

the absence of power. The safety shutter must also be installed co-linearly with the laser beam in 

order for successful termination. For this laser system, the Safety Shutter with Diode Pointer 

SSDP-25-AU-AC-DDD was chosen. This particular safety shutter also has the option to be liquid 

cooled and therefore requiring a separate water cool system needs to be installed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A4 - Safety Shutter with Diode Pointer: 

SSDP-25 
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Beam Bender 

A beam bender can be used to change the alignment of the beam and thus change its 

direction. This is done. This is usually required as per the user’s requirement. For this laser system 

and its installation, the BBK-25 Kinematic Beam Bender by Haas is used. It provides a 90° laser 

beam displacement using a 25mm clear aperture.  

This particular beam bender contains optics with an Independent Orthogonal mirror correction 

with can provide precise and repeatable alignment. This results in the ease of optic removal and 

replacement without disturbing alignment. 

 

 

  

 

  

Figure A5 - Kinematic Beam Benders 

(Model No. BBK-25) 
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Process Head 

 The process head is the last component before the laser beam is exposed and interacts with 

the work surface. The G1-25 Laser Process Head by Haas, is designed for applications such as 

welding and cutting. However, it is not limited to just these applications. With its modular design 

is can be custom configured for all wavelengths thereby configuring it for different applications. 

 

  

Figure A6 – Laser Process Heads (Model No. G1-25) 



 

A8 

 

APPENDIX A (continued) 

 

 

Customized Couplers 

 Customized couplers also have to be manufactured independently to connect the various 

mentioned components onto either tubing or other components. The material is black anodized 

aluminum and a total of 6 have been manufactured. 

Customized Tubing 

 Customized tubes also have to be manufactured to ensure straight uninterrupted flow of 

the beam between the components. The material is black anodized aluminum and a total of 3 

varying in sizes have been manufacture as well. 

Aluminum Plate and Rods 

 For the purpose of this laser system installation, the laser is mounted on top of a jig and 

therefore has clearance of about 23 inches. Due to this, all other components have to be installed 

in line with the laser as well. Hence, to support these components, a customized ‘tower’ will be 

constructed. For every ‘tower’, rods will be aligned in a square or rectangle manner with a cut 

aluminum plate fixed on top, acting as rest for the component.  
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Laser System Setup Installation 

As mentioned previously, a laser system consists of various components other than just the 

laser. Along with provided parts as well as custom manufactured parts, a concise and efficient 

design needs to be constructed to ensure a successful and clean flow of the laser beam. Below is a  

 

 

Figure A7 - schematic of how this laser system is to be installation 
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APPENDIX A (continued) 

 

 

Shown above are the schematic of the laser installation setup, as well as a flow diagram of the 

different components and how they are supposed to attach to each other. As this entire setup is 

customized for the user’s requirements, it is essential that all manufactured parts are accurate and 

co-linear to the laser. 

 Total of six couplers have been manufactured and will attach onto a certain component and 

the corresponding tube. Each of the couplers are unique in terms of the size and location of the 

holes that need to be drilled. Also, they are made of aluminum with a black anodized coating. 

 Similarly, the tubes are also made of aluminum with a black anodized coating. There will 

be 3 portions of the tube at different locations serving as a guide and protection of the laser beam. 

Two of the smaller tubes will be part of the horizontal potion of the system and the 3 part of the 

tube will be attached vertically perpendicular to the initial path of the laser beam. 

Lastly as mentioned previously, the aluminum plates and rods will form a ‘tower’ like structure 

and will be needed to support the beam enhancer, speed shutter and the beam bender 23 inches 

above the surface. 

Installations Independent of Laser 

 A successful installation of the laser setup is essential for attaining a complete clean flow 

of the laser beam. However, there are yet more systems, independent of the laser, that need to be 

installed as well. These will serve as safety precautions and as well as important tools for research 

purposes. 

XYZ Assembly System 
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 The XYZ assembly stage is an assembly bed fixed onto the surface and will have 

movement in the 3 degrees of freedom. A smaller flat work bed made of aluminum will be 

manufactured and fixed onto the XYZ bed. All material that the laser is to interact with, will be 

placed on top of the aluminum work bed and will have movement in the X, Y and Z directions. 

These movements will then be controlled separately via a computer system. For the purpose of 

this laser, the XYZ-BSMA-LY-140H table by IntelLiDrives is installed.  

 

 

 

 

 

 

 

 

 

 

 

 This comprises of low profile actuators with precision ball screw. This is ideal for laser 

applications due to its high accuracy, repeatability and fine positioning capability to 1 µm. 

Ventilation Systems 

  

 

Figure A9 – IntelLiDrive XYZ-BSMA-LY-140H-
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 Lasers are essentially a heat source, and in this case, its primary function involves 

depositing a lot of heat onto materials. This arises the possible risks of smoke and the generation 

of harmful gases. To prevent this, planned out ventilation systems need to be installed. These will 

comprise of duct tubes starting from the material work area to the nearest vents. The fumes will 

then be carried out via the building ventilation ducts to the atmosphere.  

Safety Systems 

The Coherent™ DIAMOND J-3 Series OEM laser is deemed as a Class 4 laser product and 

thus any eye or skin exposure to direct or scattered radiation must be avoided at all cost. With a 

peak power of 750 W, direct contact with the output of the beam will cause serious eye damage 

and may cause blindness. 

 All personnel in the same room as the laser need to be informed of the laser operation and 

must wear protective laser safety glasses which protects the user against the wavelengths. To 

ensure further safety, the door to the room will be locked at all times and opened from the inside 

or by authorized personnel. Moreover, whenever the laser is in operation, a red light fixed outside 

the room will light up warning outsiders of a functioning laser.  

As the laser requires gases for priming and cooling such as nitrogen and argon, separate safety 

precautions are also taken for handling and storing of the gas canisters.
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APPENDIX B                                                                                                                                  

POWDER DELIVERY SYSTEM AND IN 

 As mentioned in the report, the powder delivery system was manufactured for ensuring 

single layer metal powder deposition on the substrate prior to the sintering operation. A NEMA 17 

stepper motor with a stepper angle of 1.8° or equivalent of 200 steps per revolution is used. This 

ensures that coupled with a 2 mm lead screw, the motor can provide a precise measurement of as 

low as 10 µm per step. The lead screw is connected with a platform with the help of a T8 

connecting screw which ensures the transformation of rotational motion to the linear motion.  

The part requirement for the powder delivery system is as follows: 

• NEMA 17 stepper motor 

• 8mm pitch lead screw 

• Flexible coupler 

• Arduino Nano 

• A4988 driver 

• 12V power supply 

Following is an isometric view of the powder delivery system.  

 

 

 

 

 

 

 

 Figure B1 – Powder delivery system Figure B2 – Internal view of powder 

delivery system 
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 The powder delivery system is fabricated from aluminum blocks and machined with a 

tolerance of 0.0001 inch to ensure precision. The torque requirement for the stepper motor was 

calculated with a safety factor of 6. The required torque was 8.82 N-cm and the motor purchased 

for the setup has a torque rating of 9.81 N-cm. The detailed dimensional drawings of the parts of 

the powder delivery system are also provided in the following figures. An inert atmosphere is 

ensured by the use of an inert gas enclosure fabricated using acrylic sheets which will be covering 

the powder delivery system. An argon gas flow will be used to provide the atmosphere. 

 

  

Figure B3 – Base Plate 
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Figure B4 – Outer container 
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Figure B5 – Inside platform 



 

C5 

 APPENDIX B (continued) 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

  

Figure B6 – Leg support 
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Following is the final design with the gas enclosure and O2 sensor attached with the powder 

delivery system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

 

Figure B7 – Powder Delivery System with gas enclosure and O2 sensor attached 
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APPENDIX C                                                                                                                                  

FLOW3DTM SIMULATION 

This chapter provides a brief outline of how to use Flow3DTM to simulate subtractive and 

additive manufacturing process. In the subtractive process simulation, a surface texturing of a 

single raster scan will be performed using the software. For the additive simulation, a scenario of 

two-particle sintering will be discussed. The software has a vast potential for representing many 

real-life scenarios using micro and short-pulsed lasers. Considering the scope of this dissertation, 

only these two scenarios are discussed here. 

Example: A simulation of microstructure laser texturing using gaussian laser beam having an 

output power of 1 kW and a velocity of 2 cm/s is performed using the software. The output of the 

laser is 1 kW and a shield gas velocity of 500 cm/s is been used here. 

 The software Flow3D WELDTM is activated and a new workspace is created. Click ‘File’ and select 

‘New Workspace.’ The name ‘additive manufacturing”’ is used. 

Figure C1: Opening a workspace in Flow3DTM 
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APPENDIX C (continued) 

 

 After that, ‘right click’ on the newly created workspace, and select ‘Add New simulation.’ ‘The 

simulation is named as ‘laser texturing,’ and then, click ‘ok.’ 

 After this step, the scenario has to be set with setting up the physics, objects and parameters. Click 

‘Model setup’ tab followed by ‘general.’ Set the ‘time’ of the simulation to run for 1 second. 

 

 

 

 

 

 

 

Figure C2: Creating new simulation 

Figure C3: Setting time and units of the simulation 
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Click on the ‘preference’ on the menu bar and select ‘default version’ option, followed by ’Local.’ 

Select ‘Custom double precision from the dropdown menu of the version and change the number 

of processors to maximum. This is required for simulations related with laser. 

To setup the physics of the simulation, click on the’ model setup’ and turn on phase change, density 

evaluation to evaluate density as a function of temperature, gravity to have gravitational 

acceleration considered, heat transfer to setup heat transfer mode, solidification, viscosity, surface 

tension, turbulence and surface tension to have a realistic representation of the actual Scenario.  

 

Figure C4: Selecting processor number 

Figure C5: Changing the parameters 
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APPENDIX C (Continued) 

 

‘Scalars’ are turned on to read results of specific requirements. Figure C5, shows the required 

settings to select in each of these options. All the parameters are set in the CGS system.  

  

Figure C6: Setting up the parameters 
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Figure C7: Setting up the parameters (continued) 
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After setting the physics of the simulation, the material properties are to be loaded into the 

software. If the material is common, it should be found in the material library. However, if the 

material properties are not found, a new material must be created with the properties filled in 

manually. In this example, tantalum is created with providing all the material properties as shown 

in figure C8. The density, thermal conductivity and specific heat are provided as a function of 

temperature. 

Figure C8: Creating new material in the library 
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Figure C9: Creating new material in the library (continued) 
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Figure C10:  Creating new material in the library (continued) 
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Figure C11: Creating new material in the library (continued) 
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Following creating the material properties, the boundary condition and meshing has to be added. At the meshing tab, right click on the 

‘Mesh-Cartesian’ and click ‘Add a mesh block’. According to the need, the cell sizes are changed along with providing the boundary 

limit of the meshing area. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C12: Creating mesh boundary 
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Click on the boundary condition on the left side bar menu and provide pressure and thermal information.  

Figure C13: Initial pressure and thermal parameters 
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An additional fluid region is created to attain the liquid phase interaction with laser beam. The parameters of the fluid region are to be 

added as per the following figures. 

Figure C14: Initial pressure and thermal parameters (continued) 

Figure C15: Creating additional fluid region 
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Figure C16: Fluid region parameters 
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APPENDIX C (Continued) 

 

After all these parameters are provided (see figures C19 – C16), the simulation software has the 

information on a material of certain length and width, as per the mesh boundary. As two planes 

have been put in both X and Y axis, those will be the length and width of the material. As three 

planes are inserted in the Z direction, that will be used to define the fluid region. Fluid region 1 

will be treated as the solid region on the surface of which the liquification will occur. Hence, 

fluid region 1 has a limiter along the Z High. Consequently, fluid region 2 is the region where 

the liquid will interact further with the laser and vaporize. Fluid region 2 has a ‘Z-Low value’ to 

denote the lowest limit of Z direction. If no information is provided for the other limiters, the 

mesh planes along that axis is considered as the limiters. 

 The output of the simulation is then set up according to the need of the user. In this case, 

the followings are chosen as the output. These results will be available for further analysis in post 

processing. 

 

Figure C17: Simulation output setup 
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APPENDIX C (Continued) 

 

The ‘Numerics’ of the simulation are also chosen in this section. The convergence method for 

this problem is chosen to be a ‘Split Lagrangian’ method followed by setting up the fluid fraction 

value of 5 %. 

 

Figure C18: Simulation numeric parameters 
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 Now, the laser parameters have to be setup using codes in the simulation. For this, click 

on the ‘File’ on the menu bar and select ‘Edit Simulation.’ Add ‘iusrd=1,’ followed by a comma, 

to activate laser sintering in the simulation. 

At the end of the simulation code, the laser parameters will be provided. Following is a screenshot 

of the laser parameters with their explanations. This can be changed after every iteration to attain 

different laser parameters. Remark denotes any comments. The term ‘nlbeam’ means the number 

of laser beams used in the simulation. The term ‘ilbeam’ denotes the laser irradiation type. Velocity 

and laser powers are denoted with a function followed by two variables in the parenthesis. The first 

variable denotes the time instance and the second variable is the laser number.  

Figure C19: Activating laser simulation 
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If multiple lasers are used, the second value can be changed to irradiate from different lasers. 

Position denotes the ‘laser position’ in the cartesian coordinate system. Direction, means the 

‘lasing’ direction of the laser. In this simulation, a ‘negative 1.0’ along Z axis means the laser is 

irradiating downward. Size of the laser is denoted by ‘dlflbm,’ ‘r0lbm,’ and ‘rflbm.’ The number in 

the parenthesis after these functions represents the laser number. 

  

 

Figure C20: Entering laser parameters 
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After all these parameters are set, the simulation is ready to run, by clicking on the ‘simulation 

manager’ tab followed by ‘right clicking’ on the ‘simulation’ and selecting ‘Preprocess 

Simulation’ to check for errors. After the ‘Preprocess Simulation’ is run without any error, 

selecting the ‘Run simulation’ from the same menu and  ‘custom double precision’ as the option, 

will start the analysis. 

After the simulation has finished analyzing, the ‘analyze’ tab can be selected with ‘solid fraction’ 

from the ‘2D results.’ Select ‘plain velocity vector’ as the vector type which will show the direction 

of the movement of the liquid particles. YZ plane can be selected to see a cross section of the laser 

simulation.  

Figure C21: Running the simulation 
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 Similarly, a number of results can be viewed in 2D and 3D by selecting the 

respective options from the ‘analyze’ tab. Also, data can be extracted from the simulation to plot 

separately from the simulation. The display tab can be used to compare results of different ‘time 

frames’ in the simulation. Also, if required, a probe can be placed in the real time simulation to 

see the change of the results in that location. 

 Example: Sintering of two particles. The basic difference between this example and the 

previous one is that there are two particles created inside the mesh boundary. Almost all the other 

options are kept the same. In the ‘limiter’ segment of the ‘fluid region two,’ instead of the ‘linear 

limitation,’ a ‘spherical limitation’ will be placed. If a hollow particle is required, both inner and 

outer radius should be put. In this scenario, only putting the values of outer radius will create a 

spherical particle. To create another particle, a separate fluid region has to be created. The 

parameter change is as shown in figure C22. 

 

 

Figure C22: Creating spherical particles for sintering 


