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ABSTRACT 

       In this work, nano and microholes have been obtained when the Q-switched 

Nd:YAG laser (1064 nm) interplay with different materials utilizing 

nanoparticles. Different laser pulse energies (600, 700, 800) mJ, two repetition 

rates (5Hz and 10Hz) and different nanoparticle concentrations (90%, 50% and 

5% ) were used. 

Three types of materials has been used in this work. These materials are 

aluminium alloy (8009), titanium, and copper. Also, two types of nano particles 

were used, these nanoparticles are silica carbide (SiC) and tungsten 

carbide(WC)  nanoparticles. 

 The effects of the laser pulse energy, pulse repetition rate, concentration ratio 

of nanoparticles  and exposure  time  on shape and size of holes have been 

analysed. 

The different concentration ratios effect for both nanoparticles were studied on 

different materials. The high concentrations of the nanofluid (50% and 90%)  

caused drawback of drilling process in materials such as cracks generation, and 

aggregations. 

The micro and nano holes were detected for each material through the use of 

(5%) nanoparticle concentration. For aluminium alloy (AA8009),  the perfect 

holes were appeared when the laser energy is 600mJ, repetition rate is 5Hz, 

light concentration of silica carbide nanoparticles (5%) and exposure time is 

5sec. In  titanium material, the regular holes were also investigated in the same 

parameters of laser and the same concentration of two types nanoparticles with 

exposure time of 5sec for silica carbide nanoparticles, and 30sec for tungsten 

carbide  naoparticles. In copper material, the fine holes were appeared at the 

same parameters of laser with (5%) concentration of silica carbibe nanoparticles 

and exposure time is 5sec.  
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1.1 Introduction 

              The drilling process has a significant impact in manufacturing and 

production. Drilling is one of the most prevalent machining processes in the 

manufacturing industry [1]. Laser drilling is an excellent selection in order to 

produce holes with a minimum hole taper. Laser drilling process removes 

materials by thermal energy. It is a contactless drilling process with no tool 

wear and not restricted to only conductive materials. Drilling by laser uses a 

thermal heating source to melt and vaporize the workpiece  [2]. It is an 

important industrial process to produce various sizes of holes for critical 

applications, such as cooling holes in turbine, components guide vanes, casings, 

aerospace, biomedical, communication, electronics and automotive industries. 

In microhole drilling via laser ablation, it is important to control material 

removal rate (MRR), ablation depth, and aspect ratio [3]. This process can be 

used by femtosecond laser micromachining  with very high peak powers which 

provide a minimal thermal damage to surroundings  and high aspect ratios (the 

ratio of hole length to its diameter). Femtosecond laser drilling is capable of 

economically drilling of number of closely located holes on micro-scale [4]. The 

development of femtosecond laser sources provide a precise and versatile 

method for micro-scale and even nano-scale fabrication techniques [5]. Micro 

drilling  process  has a great use for  manufacturing of sophisticated items [6]. 

This process can also be used for advanced electronics and precision machine 

components, additionally used in aerospace, biomedical, communication, 

electronics, automotive industries, microelectronics, turbine blades, blind holes 

in surgical needle and other higher-precision applications [7,8]. The low cost of 

such miniaturized products with their best-of-class quality makes them suitable 

for extensive use of micro-machining processes. The micro-machining 

processes include microturning, micromilling, microdrilling, microgrinding, 

micropunching, and microcutting [9]. The effects of laser parameters, including 
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the wavelength, energy, pulse repetition rate and beam polarization on the 

drilling dimensions, when using the highest laser energy and the shortest laser 

wavelength, leads to the smaller the hole diameters in micro drilling process. 

Thus, other parameters related to the laser wavelength, such as the material 

absorptivity, have a significant impact on the hole diameter [6, 10]. The walls of 

a micro drilled hole are among the smoothest surfaces produced by  un 

conventional processes [11].   

1.2. Unconventional processes   

       Classification of Unconventional processes is carried out depending on the 

nature of energy used for material removal. The broad classification is given as 

follows: 

1.2.1 Mechanical Processes 

- Abrasive Jet Machining (AJM) 

- Ultrasonic Machining (USM) 

- Water Jet Machining (WJM) 

1.2.2  Electrochemical Processes 

- Electrochemical Machining (ECM) 

- Electro Chemical Grinding (ECG) 

- Electro Jet Drilling (EJD) 

1.2.3  Electro-Thermal Processes 

- Electro-discharge machining (EDM) 

- Laser Jet Machining (LJM) 

- Electron Beam Machining (EBM) 
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1.2.4  Chemical Processes 

- Chemical Milling (CHM) 

- Photochemical Milling (PCM) 

The laser-beam machining process is stress less allowing very fragile materials 

to be laser cut without any support, very hard and abrasive material can be 

machine, sticky materials are also can be machine by this process, it is a cost 

effective and flexible process, high accuracy parts can be machined, no cutting 

lubricants required, no tool wear and narrow heat effected zone [12]. 

1.3 Laser interaction with material  

        The interaction of a laser beam with a material can cause permanent 

changes in the substance's characteristics. Laser irradiation alters the local 

chemistry, crystal structure, and morphology, all of which have an impact on 

how the material behaves in a specific application [13]. The laser has 

established as an important technology in variety fields of materials processing 

and mainly material removal, referred to as laser ablation [14].  

 Lasers are unique energy sources with great intensity without using tools. 

When laser interacts with matter, it can be reflected, scattered, absorbed or 

transmitted based on the material characteristics  such as (composition, 

physical, chemical and optical properties), and laser parameters such as laser 

energy, wavelength, spatial and temporal coherence, exposure time and pulse 

duration [15].  

 Laser-induced damage threshold (LIDT) is defined as the highest quantity of 

laser radiation incident upon the optical component or material. LIDT is the 

maximum fluence laser, intensity and wavelength at which a material will be 

damaged. LDT values are relevant to both transmissive and reflective optical 

elements and in applications where the laser induced modification or destruction 
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of a material is the intended outcome. When the irradiated materials begin to 

melt, the temperature rise may alter physical and optical properties of materials, 

so the laser energy irradiated material by damage threshold (LIDT) is directly 

proportional to laser pulse time  √  as shown in Eq. (1.4) [16]:  

 

      = 
    √ 

√    
                                                 (1.4) 

  

     Where,      is Laser-induced damage threshold in       t is the exposure 

time, α is the absorptivity, Iₒ is the spatial distribution of laser intensity, K is 

thermal conductivity, ρ is the density of irradiated materials and c is the specific 

heat of material. Materials can absorb the energy of the incident laser, a part of 

which will be converted into heat. Non-uniform temperature distribution will 

appear because of the uneven heat diffusion. Consequently, expansion and 

contraction will lead to laser-induced thermal stress [16]. In metals, there is a 

large number of free electrons available. The laser energy excites these 

electrons to various energies [17]. Once inside the material, absorption causes 

the intensity of laser to decay with depth at a rate determined by the material’s 

absorption coefficient (as shown in Figure (1.4)).  
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                                                           Wavelengh (nm) 

Fig.(1.4):  Optical absorption depths for several materials over a range of 

wavelengths[18] 

        The absorption coefficient, determines the absorption of laser as a function 

of depth. However, the specific mechanisms by which the absorption take place 

will relied on the type of material. In general, photons will couple into the 

available electronic or vibrational states in the material depending on the photon 

energy[19]. 

1.3.1 Classification of metals 

The engineering materials can broadly be classified as:  

a) Ferrous Metals and alloys (irons, carbon steels, alloy steels, stainless steels, 

tool and die steels).  

b) Non-ferrous Metals and alloys (aluminum, magnesium, copper, nickel, 

titanium). 

c) Plastics (thermoplastics, thermosets).  

d) Ceramics and Diamond.  

e) Composite Materials. 

 f) Nano-materials.  
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The engineering materials are often primarily selected based on their 

mechanical, physical, chemical and manufacturing properties. Mostly, pure 

metals are not of any use to the engineers. The desired properties for 

engineering purposes are often found in alloys. Typical examples of metallic 

materials are iron, aluminium, copper, zinc, etc. and their alloys[20].  

1.3.1.1 Aluminum and Aluminum Alloy 

       Aluminium is the third most abundant element in the Earth´s crust . It is the 

chemical element of the 3rd group in the periodic table of the elements [21]. It 

has a low melting and boiling point. Aluminum alloys have been developed for 

the aerospace industry to reduce the weight of aircraft and therefore improve 

performance of the aircraft. Aluminium alloys are advanced materials because 

of their low density, high specific modulus, excellent fatigue and cryogenic 

toughness properties [22]. 

Alloy occurs when two or more pure metals are melted together to form a new 

metal whose properties are quite different from those of original metals. The 

alloy identification system employs different nomenclatures for wrought and 

cast alloys, but divides alloys families for simplification into:   

• 1xxx: Controlled unalloyed (pure) composition, used primarily in the electrical 

and chemical industries 

• 2xxx: Alloys in which copper is the principal alloying element, although other 

elements, notably magnesium, may be specified. 2xxxseries alloys are widely 

used in aircraft where their high strength is valued. 

• 3xxx: Alloys in which manganese is the principal alloying element, used as 

general-purpose alloys for architectural applications and various products 

• 4xxx: Alloys in which silicon is the principal alloying element, used in  

welding rods and brazing sheet 

• 5xxx: Alloys in which magnesium is the principal alloying element used in 

boat hulls, gangplanks, and other products exposed to marine environments. 
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• 6xxx: Alloys in which magnesium and silicon are the principal alloying 

elements, commonly used for architectural extrusions and automotive 

components 

• 7xxx: Alloys in which zinc is the principal alloying element (although other 

elements, such as copper, magnesium, chromium, and zirconium used in aircraft 

structural components and other high-strength applications. The 7xxx series are 

the strongest aluminium alloys [23]. 

• 8xxx: Alloys characterizing miscellaneous compositions. The 8xxx series 

alloys contain amounts of tin, lithium, and iron .The aluminium  alloy (AA8009) 

is important in industry because it can be used in manufacturing a new 

supersonic aircraft, missile fins (it is the bases in which a 30- 40 % of weight 

saving may be expected), the helicopters transmission shafts, and many other 

different applications [24,25].   

1.3.1.2 Titanium and Titanium Alloy 

      Titanium as a chemical element is known for more than 220 years, and as a 

concentration in the earth’s crust, it is on the fourth place among the metals 

after aluminium, iron and magnesium. Most authors do refer it to black, 

refractory metals (its temperature melting is 1668°C). In pure state titanium is 

rarely used, but in recent years the use of titanium alloys have increased 

significantly due to the development of methods involved in their production 

and further processing [26]. Titanium material  is one of the nonferrous metals, 

normally used in the industries and construction sites. Given its advantages 

titanium it is evidently desirable in several military, civilian, and medical uses . 

Similar to other metals, titanium can crystallize in various  crystal structures at a 

wide range of temperatures. Transformation that is complete from one into 

another crystal structure is called allotropic transformation, while the respective 

transformation temperature is transition temperature. Pure titanium and most of 
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the titanium alloys, crystallize at low temperatures and room temperature (25℃) 

in an ideally modified hexagonal close packed structure (HCP), called α 

titanium or alpha crystal structure. At high temperatures, however, the body-

centred cubic structure (BCC) is characteristically stable and is referred to β 

titanium (beta crystal structure). The β transition temperature for pure titanium 

is noted as 882±2℃ . Both crystal structures, which are different, and the 

corresponding allotropic transformation temperatures are vital since they 

constitute the basis for the multiple properties achieved by titanium alloys. Both 

plastic deformation and diffusion rate are very much attached with the 

respective crystal structure. Furthermore, the hexagonal crystal lattice causes a 

distinctive anisotropy of mechanical behaviour for α-titanium [27]. Titanium 

material has  high strength, difficult to machine, high hardness and heat resistant 

materials possess challenge during machining by conventional machining 

processes. It is widely used in construction, manufacturing, civilian, and 

medical applications, and it is clearly desired by numerous military branches. 

This is due to their high strength and low thermal conductivity [28]. 

1.3.1.3 Copper and coper alloy 

Copper is the oldest metal used by man. It is malleable, ductile, and a good 

conductor of electricity and heat. The physical properties of  melting point, 

density, young's modulus, and thermal expansion coefficient of pure copper and 

copper alloys are quite similar[29]. Copper and copper alloys are some of the 

most versatile engineering materials available. The combination of physical 

properties such as strength, conductivity, corrosion resistance, machinability 

and ductility make copper suitable for a wide range of applications [30]. 

1.3.2  Industrial lasers  

The most important industrial lasers used in operation and manufacturing 

processes: 
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1- Fiber Laser, it has efficiency robust design, beam quality, and easy delivery 

and maneuverability with fiber optic beam delivery system, fiber laser is fast 

becoming a workhorse for many industrial applications. 

2- CO2 Laser Continuous Wave (CW) lasers, which generate continuous 

light, and pulsed. The CW are not suitable for laser ablation, because light 

intensity is typically below threshold levels for surface ablation until subsurface 

temperatures decompose the substrate material[31]. 

3- Diode Laser These lasers are semiconductor diodes that create laser light 

directly from electricity. They are the most efficient in converting electrical 

input power to laser output power, but they are either CW or long pulse so they 

have coating removal characteristics similar to flash lamps. 

4- Neodymium-doped: Yttrium Aluminum Garnet (Nd:YAG) Laser An 

Nd: YAG is a solid state laser and is the most frequently used for laser ablation.  

5- The flash lamp pumped, Q-switched Nd: YAG laser provides the shortest 

pulses (10 ns). These short pulses make for efficient stripping[32]. 

 

1.3.3  Underwater-laser drilling of material 

     The laser–material coupling greatly depends on the type of medium where 

ablation takes place (air, vacuum, gases, liquids, gels) and affects the quality 

and the properties of the pulsed-laser micro-machined structures. It is well 

known that heat accumulation around the laser pulse-affected zone is a 

significant problem in the laser micro-fabrication of materials. By adding a 

water layer onto the target surface, the formation of the melted flow and the re-

deposition of ablated material may be avoided. Due to its high heat capacity and 

thermal conductivity. The rapid temperature increase due to the laser pulse 

induces the formation of vapor bubbles and of two shock waves (one expands 
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into the water and the other into the target) which play an important role in 

underwater-laser drilling [33]. 

 

1.4 Surface Melting 

    Laser surface melting (LSM), is a suitable technique  which amount of heat is 

penetrating to repair damaged surfaces by meltting the surface locally and rapid 

solidification to get fine homogeneous structures (recrystallize) [34]. The 

fluencies above the threshold of melting of material can lead to the formation of 

transient pools of molten material on the surface. The molten material will 

support much higher atomic mobilities and solubilities than in the solid phase, 

resulting in rapid material homogenization. At temperatures far above the 

melting temperature, hydrodynamic motion can reshape and redistribute 

material. The temperature gradients can develop in melt pools, causing 

convective flows to circulate material. For most materials, the liquid’s surface 

tension decreases with increasing temperature and the liquid is pulled from the 

hotter to the cooler regions [35]. 

 Some laser processes (like surface annealing), do not require high density of 

laser beam energy. However, surface melting, glazing, cladding and welding 

that involve melting require high laser power density to induce the change in 

state and phase transformation in large volume and area. Additionally, processes 

like cutting, drilling and similar machining operations that remove material as 

vapour, need high power density within a short pulse or continuous wave 

according to selected material and its application [36]. Applications of laser 

technology in metal surface modification are important technique due to change 

and enhance the surface characteristics of materials. Laser processing, as shown 

in Fig.(1.5) has more advantages over the conventional methods which include 
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local heating of the surface without changing the substrate material properties, 

precision and high speed of operation with low cost. [37, 38]. 

1.4.1 Heating and melting  

At high laser beam intensity values (in the range 1x10
5
 W/cm

2
 for metals), the 

material being heated will change state. Most materials will melt due to the 

different physical mechanisms, and in the molten state, the absorption of laser 

light increases. The absorption coefficient rises to about 90% for common 

metals subject to infra-red laser light. 

Melting progresses by conduction on an approximately hemi-spherical front 

through the material. Convective heat transfer, as well as conduction, becomes 

important and this can be driven by changes in surface tension of the molten 

pool arising from temperature gradients. These latter factors will distort the melt 

shape away from being spherical [39]. 

1.4.2 Vaporization and (Laser  Ablation) 

          Laser ablation (LA) is a process in which a laser beam is focused on a 

surface of material to remove material from the irradiated zone [40]. Laser 

ablation mechanism focuses a laser beam on a substrate for the removal of any 

surface material. The removed mass relies on the material itself, pulse length, 

intensity power and laser wavelength [41]. laser ablation (LA) is describing the 

laser-material interaction and refers to the removal of material from a solid with 

the utilizing of a pulsed laser beam with vapour transport to an analytical 

excitation source for analysis as shown in Figure (1.6). It has been considered 

and used for many technical applications, including the production of nano 

materials, deposition of thin metallic, fabrication of superconducting materials, 

routine welding bonding of metal parts and micromachining of micro electro 

mechanical systems (MEMS) structures [42]. 
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Fig.(1.6): Laser ablation[42] 

 

         Laser ablation process can be done by removing material from a substrate 

by absorbing laser energy directly. This methods are mainly depending on 

mechanical, acoustic, and optical principals [43]. The ablation occurs above a 

threshold fluency, which will depend on the absorption mechanism, particular 

material properties, microstructure, morphology and on laser parameters such as 

wavelength and pulse duration. During laser ablation, a number of material 

removal methods may be engaged on the particular material system and laser 

processing parameters. photothermal processes operate at high fluencies, for 

ablation include material evaporation and sublimation. With higher fluency, 

heterogeneous nucleation of boiling this will leads to vapour bubbles [44]. If 

material heating is sufficiently rapid to approach its thermodynamic critical 

temperature, rapid homogenous nucleation and expansion of vapour bubbles 
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lead to explosive boiling (phase explosion) carrying off solid and liquid material 

fragments. So according to the response of material to incident laser, the 

responses can be divided into two groups: thermal and mechanical effects. 

Thermal effects refer to melting, vaporization, boiling, and phase explosion 

while mechanical response involves deformation and resultant stress in 

materials. Different thermal processes will induce different mechanical 

responses [45]. Pulsed laser ablation (PLA) is a useful technique for surface 

machining. Although micro cracks and heat-affected zone  (HAZ) are formed as 

a result of thermal stresses and heat conduction into the bulk medium (as shown 

in Figure (1.7)), this process provides an advantage of minimizing the heat 

affected zone (HAZ) under certain circumstances.  

 

Fig.(1.7):  Illustration of nanosecond pulsed-laser ablation[46] 
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      In the case of nanosecond laser pulses, the heat affected zone will be 

minimal if the ablation depth per pulse (Δh) is comparable to the values of     

and      that have been  calculated by the following equations [46]:  

 

    =2√                                                          (1.8) 

 

    = α¯¹                                                            (1.9)      

 

 Δh= max (  ,   )                                             (1.10)  

                                  

                  is the thermal penetration depth in (mm ), D is the thermal 

diffusivity of the material in (     ),    is the laser pulse duration in (ns),       

is the optical penetration depth in( mm),  α is the optical absorption coefficient 

of the material in      and Δh is the ablation depth per pulse in (µm/pulse). 

 In case of ablation with ultrashort laser pulses, HAZ is nearly absent or is 

negligible due to non-thermal mechanisms governing the ablation [46].  

Nanosecond  laser is suitable for removing materials or ablation. Short pulse 

duration (picosecond laser) and ultra-short pulse duration (femtosecond laser) 

yield better results, suited to the production of high-precision micro- and 

nanomachining [47].  

The laser ablation mechanisms are different for short pulse as (nanosecond), and 

ultrashort pulse (pico and femtosecond) laser in which the difference in laser 

coupling with matter at different timescales has been involved [48].  
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The quality of ablated holes induced by femtosecond laser pulse is much better 

than those produced by nanosecond or even more large pulses. The key feature 

of femtosecond laser ablation of metals is the quick development of plasma 

phase and the absence of a heat effect zone (HAZ) surrounding the holes [49].  

Short pulse, which is nanosecond pulse ablation, can be distinguished by 

thermal, non-thermal and combination of both mechanisms. These are also 

referred to as photo-thermal, photo-chemical and photo-physical mechanisms. 

Figure (1.8) illustrates the laser ablation process through thermal, non-thermal 

and photo-physical processes. The physical mechanics of nanosecond pulsed 

laser ablation are based on vaporization, which is the primary material removal 

mechanism, and the theoretical vaporization rate depending on the target 

temperature [46,50]. 

 

Fig.(1.8): Graphical illustration of mechanisms leading to pulsed laser 

ablation[46] 

 

1.5 Laser Beam Machining  

           Laser beam machining (LBM) is a machining process that can be used to 

machine almost any known material ranging from soft materials to difficult to 

machine( DTM) materials [51]. Laser drilling is a machining operation by 
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melting and evaporation of the workpiece using a high power laser beam. 

Metals, alloys, polymers and ceramics may be drilled by laser assisted drilling 

[52]. Laser beam machining (LBM) process has a very high material removal 

rate (MRR) compared to other non-conventional machining processes such as 

electrical discharge micro machine (EDM) [51, 52]. The Laser beam machining 

process (LBM) can be considered as one of non-conventional machining 

process because of their precision of operation, low cost, localized processing, 

wide range of material processing flexibility and high speed of operation [53]. 

In laser micromachining, tool wear is not needed; it produces minimal heat-

affected zone (HAZ) and repeatability of the process, and its precisions are 

high. In order to minimize thermal degradation of the material outside the 

production zone, limited heat transport is required which is achieved by using 

nanosecond, picoseconds, or femtosecond pulse widths [54]. During laser beam 

machining process, the laser beam interact with workpiece, and the beam 

energy is partially absorbed by the workpiece material. This will first heats up 

the surface to boiling point, followed by melting or sublimation, evaporation, 

plasma formation and ablation [55].  

 

Fig.(1.1): Classification of laser beam drilling process [56] 

              The laser drilling can be classified according to process mechanism, as 

shown in Figure(1.1), into single pulse drilling referred to drilling of blind and 
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through holes by pulse duration of few microseconds. Percussion drilling 

delivers a successive number of pulses to the same spot on the workpiece to 

produce a hole. The drawbacks of percussion drilling are recast layer formation, 

spatter deposition, tapered hole, and micro crack [56]. Trepan drilling is used to 

remove material from the work piece surface in the form of a circular disc. The 

Helical drilling process is similar to Trepan drilling process, but very large and 

deep high quality holes can be produced easily in the helical drilling process as 

shown in Fig. (1.2)[57]. 

 

Fig. (1.2): Clarification of drilling process[58]  

 

              The laser drilling process can also be classified into other types like 

nanodrilling, micro drilling and precision drilling according to the hole size. 

Nanodrilling  usually performed with short and ultra-short laser pulses. Laser 

with pulse duration in nanosecond is known as short pulse laser,  and for pulse 
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duration less than 1 ps are referred to ultra-short pulse laser [58]. The laser is 

also used to perform turning as well as milling operations but important 

application of laser beam is mainly in cutting and drilling of metallic and non-

metallic sheets. Nd:YAG lasers have high peak powers enable it to machine 

even thicker materials. Also, shorter pulse duration suits for machining of 

thinner materials. Due to shorter wavelength it can be absorbed by high 

reflective materials which are difficult to machine by longer wavelength lasers 

[59]. 

    1.5.1 Laser Beam Microdrilling  

           Microdrilling is the future technology and industry. Conventional 

mechanical drilling has to face increasing physical limitation when hole 

diameter is decreased. Below some critical dimension, friction surpasses the 

mechanical strength of the tool and machining is possible only by choosing 

specially designed tools made of high modulus materials (such as diamond). In 

any case, it means that the cost of the process can be prohibitively increased. In 

this context, laser microdrilling offers an attracting alternative to mechanical 

machining and is already widely used in numerous applications [60]. The ability 

to machine very small features such as holes into a metal, ceramic, 

semiconductor or polymer by laser ablation with an unmatched precision, 

accuracy and speed has opened a very useful scope with respect to the process 

variables such as focusing optics, laser power, wavelength and repetition rate 

[61]. Pulsed lasers are fundamental tools for industrial micromachining 

applications. Nanosecond pulsed lasers are cost effective solutions being widely 

employed in marking, cutting, drilling and texturing operations. Ultra-fast 

pulsed lasers operating at pico second (ps) to femtosecond (fs) pulse durations 

provide superior machining quality and have become much more reliable and 

affordable in the last few years [62]. Micromachining refers to machining of 

workpieces or features having dimensions below 1 mm. Lasers are being used 
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for micromachining operations with short pulses  (pulse duration varies from 

microsecond to femtosecond) and very high frequencies (in kHz range). Pulsed 

Nd:YAG, is most commonly used for laser beam machine LBM applications 

[63]. Laser beam micro machining (LBMM) has revolutionized many industries 

by providing innovative solutions in numerous industrial micro-engineering 

applications. High-intensity short or ultrashort laser pulses are powerful thermal 

energy source for creating micro-drilling in wide range of materials. These 

lasers can precisely ablate various types of materials with little or no collateral 

damage. LBMM associated with beam laser radiation on a sub-micrometer 

scale. [64]. ]. Laser micro machining  can often be a more cost effective 

alternative to other techniques such as electrical discharge micro machine 

(EDM) which involves material removal through the generation of sparks 

between the tool and workpiece gap in the presence of dielectric fluid [65]. 

Pulsed lasers (specially Nd:YAG laser) micro drilling  on different materials 

have been carried out to study the effect of process parameter such as pulse 

energy, pulse frequency, pulse width and focal length which effect on material 

removal rate (MRR), formation of holes and  heat affected zone (HAZ) width 

[66]. The use of laser microdrilling or micromachining in manufacturing 

industry can be attributed duo to its flexibility and ability to process variable 

quantities and qualities of materials in a very short time with very high surface 

finish, accuracy, and minimum amount of wastage. Laser drilling process can be 

used with materials including of super alloys and special materials [67].  ome 

material s properties like  higher toughness, high strength and wear resistance 

make them used in several applications, including cutting, drilling materials and 

highly competitive against other conventional materials so these properties 

enhanced the properties of holes [68]. When the machining dimension (hole 

diameter) is less than 1 mm, then it is termed as micro drilling. Precision 

drilling refers to drilling of small and highly accurate holes which is a common 
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requirement of the industries [69]. The heat affected zone( HAZ) width and hole 

taper of the drilled micro hole has been calculated by[70]: 

 

                  HAZ width (mm) =        
                      

 
                         (1.1) 

                  Hole taper (rad)=       
                          

           
                     (1.2) 

          Where,             is the outer diameter of heat affected zone on top 

surface of material in (mm), Hole taper is the mean diameter of hole in 

(rad),            is the outer diameter of hole taper on top surface in (mm), 

            is the inner diameter of hole taper on bottom of material in (mm) and 

the thickness of used material is in (mm).      

      Pulsed Nd:YAG lasers have expanded high beam quality for laser 

machining to micron scale precision. The high peak powers obtained by these 

lasers enable material removal through thermal ablation [70].  

       In micro-hole drilling  (by laser ablation), it is important to control material 

removal rate (MRR), ablation depth, and aspect ratio [71]. Hole and heat 

affected zone (HAZ) width are considered as process responses. The important 

reasons for holes creation and improvement of the measurement them are 

ejected the irregular molten material and erosion of the hole walls as the laser 

power reduction as the beam propagated to the hole [72]. 

1.5.2 Laser beam nanodrilling 

     Ultrashort pulsed laser radiation with pulse durations of less than 10 

picoseconds has outstanding properties due to their light-material interaction, 

especially in view of continuously growing accuracy requirements. Due to short 

interaction times between laser and material, which are below the electron 
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lattice interaction time for metals, a processing can be realized that stands out 

by a negligible thermal load of the workpiece. Hence, the resulting ablation 

process is free of melt and avoid the thermal damage of the surrounding 

material. In most applications for precision laser structuring a picosecond laser 

sources with limited average power range of about 1 to 50 W is applied to 

generate the desired workpiece in a single beam process. Here, the average 

power of the laser system is limited by the maximum pulse energy which can 

efficiently applied within the process. The multibeam approach is promising, as 

the quality of a single beam laser ablation process can be maintained while 

multiple structure can be generated in parallel. Therefore, higher pulse energies 

can be applied as the pulse energy is distributed across multiple beamlet [73]. 

Surface engineering in micro/nanoscales plays a major role in a material’s 

performance improvement. For example, the material’s photoelectrical 

properties can be modified by changing its surface morphology and chemical 

energy states[74]. 

 

1.6 Plasma formation 

          Plasma is widely considered to be the fourth state of matter due to its 

unique properties. So, plasma is a gas in which the atoms are ionized, meaning 

there are free negatively charged electrons and positively charged ions. This 

collection of charged particles can be controlled by electromagnetic fields and 

this allows plasmas to be used as a controllable reactive gas [75]. During the 

last decades, lasers and plasmas have both become important components of 

current industrial technology and surface engineering [76]. Plasma ignition 

process includes bond breaking and plasma shielding during the laser pulse 

interaction with the material surface [77]. 
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       Plasma has three main regions as shown in figure(1.3). The "core" is the 

first region. It is the  hottest and densest part of the plasma, is located near the 

target surface. The material in this region is mostly found in the ionized state 

because of high temperatures. In the mid-region of plasma, ions and neutral  

(atoms + molecules) coexist due to the continues processes and in the third 

region is the cold plasma, non-thermal plasma, or non-equilibrium plasma. It is 

a plasma which is not in thermodynamic equilibrium.  As only electrons are 

thermalized, their  velocity distribution is very different from the ions velocity 

distribution. So the temperature of electrons is much hotter than the temperature 

of (ions and neutrals atoms) [78].  

Nanosecond lasers have been used for laser-machined through-holes. Laser 

drilling typically involves dealing with a deep narrow hole with high aspect 

ratio. Ablation from a deep, narrow hole has a few unique characteristics [79]: 

 (a) The absorption of an incoming laser beam in a plasma plume alters the 

propagation and absorption of incident radiation in the hole, preventing incident 

radiation from reaching the hole bottom but transforming it into plasma energy. 

 (b) The plasma stream travelling from the hole outwards provides a new source 

of energy that acts on the side walls in a different way than the laser beam's 

direct absorption by the walls. This novel heating source has additional spatial 

and temporal properties and has the potential to significantly enhance the 

amount of energy emitted across the side walls. 

     The generated plasma plume interacts with the surface, resulting in largely 

negative repercussions. Using pulse duration of laser radiation interaction with 

metals, higher accuracy and quality of drilling processes were obtained [75,80]. 

The combination of laser irradiation with plasmas, which may be generated at 

low or atmospheric pressure, has shown to be a powerful combination for a 

variety of applications. Plasma-assisted pulsed laser offer the possibility of 
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increasing the total efficiency by a reduction of the laser ablation threshold of 

some target materials [46,76].  

        

 

 

Fig.(1.3): Schematic illustration of laser-induced plasma[46]. 

 

 

     1.7 Nanoparticles 

          Nanoparticles are zero-dimensional nanomaterials, as opposed to one- and 

two-dimensional nanomaterials, which have one or two dimensions greater than 

the nanoscale. They differ from their bulk counterparts in size, chemical 

reactivity, movement, and energy absorption [81].  

Nanomaterials (NMs) have risen to prominence in technological breakthroughs 

due to their tunable physical, chemical, and biological characteristics, as well as 

their superior performance over bulk equivalents. Nanomaterials are classified 

based on their size, composition, form, and source [82].  

Nanotechnology is referred to as a particle with lengths larger than 1 nm and 

less than 100 nm in two or three dimensions [83]. It exhibits a size-related 

intensive property, the high surface area to volume ratio of nanomaterials means 
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that a significant portion of the atoms of a nanomaterial are on the surface and 

this leads to high chemical reactivity in nanomaterials. Nanoparticles (NPs) can 

be classified based on their properties such as shape, size, activity, and type of 

the materials they are made of. The role of size, shape, and other characteristics 

nanoparticles (NPs) can be obtained by manipulating of the synthesis conditions 

[84]. Nanoparticles have unique optical, electrical, magnetic, and thermal 

properties. The selection of an appropriate synthesis technique is crucial for 

synthesizing application-oriented NPs. There are numerous methods to rely on 

bottom up and top down techniques that have been created over time, with each 

providing a certain degree of success [85].  

The nanomaterials are generally classified  according to the dimensions, 

according to the shape, according to the composition[86]. The composite 

nanoparticles constituted by two or more components of nanoscale with special 

physical and chemical properties and the last part is carbon nanoparticles which 

contains completely of carbon [86].  

Also, nanoparticles (NPs) can be also classified into different types according to 

the size, morphology, physical and chemical properties. Some of them are 

carbon-based nanoparticles, ceramic nanoparticles, metal nanoparticles, 

semiconductor nanoparticles, polymeric nanoparticles [87]. Laser-machined 

nanostructures offer a wide range of uses in photonics, surface plasma 

resonance, optoelectronics, biochemical sensing and nano fluid [88].  

1.7.1 Tungsten carbide nanoparticles (WC) 

        Tungsten carbide nanoparticles (WC) is a very desirable material due to its 

attractive mechanical, physical and chemical properties such as high hardness, 

high melting point, good electrical, good thermal conductivity, and high 

corrosion resistance [89]. Tungsten carbide nanoparticles (WC) is an interstitial 

compound of C atoms filling into W crystal, which has high strength and 

rigidity as covalent compound. [90]. Tungsten carbide nanoparticles have wide 

applications in chemical industries, electronic industries and mechanical tools. 
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1.7.2 Silicon carbide nanoparticles (SiC) 

       Silicon carbide (SiC) is a non-metal semiconductor, which has been used 

for different applications owing to its inherent chemical inertness, high thermal, 

mechanical, chemical stability and also their unique photoelectrical properties 

[91].  

 These nanoparticles have wide spectrum of physical, chemical and mechanical 

properties which utilize according to extensive application. The silica carbide 

nanoparticles (SiC) properties depend on the crystallite size, the specific 

properties and structure of these component [92]. Silicon carbide (SiC) 

nanoparticles  have been widely used for thermal and structural applications due 

to low bulk density, low thermal expansion and tuneable bandgap [93, 94]. It is 

widely used in high-temperature, high power, and high-frequency electronic 

applications [95].   

The nanofluids made by combining nanoparticles with a base fluid, such as 

water, have a high thermal conductivity and, as a result, a high rate of heat 

transfer. The thermal conductivity is the quantity of heat that passes in unit 

time, through unit thickness, and under unit degree of specified temperature. 

Heat transfer rates are faster in materials with higher thermal conductivity than 

in materials with lower thermal conductivity. As a result, greater thermal 

conductivity materials are employed for heat absorption, the quantity of 

nanoparticles to the base fluid always enhances its thermal properties, so the 

nanofluid characteristics has a principal role in its industrial applicability  [96].  

The nanoparticles can increase the stability of based nano fluid by having a 

large free energy of adsorption and by having high thermal conductivities that 

can dissipate heat efficiently. When the nanoparticles are dispersed in the base 

fluid, this will lead to increase the friction between layers of the fluid, which 

results to increase in viscosity of nano fluid and can create the homogeneous 

solid–fluid at light concentrations of small nanoparticles [97]. 
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1.7.1 Laser interaction with nanoparticles  

         Laser beam interaction with the particle’s electrons such as absorption and 

scattering of the incident laser’s photons [98]. 

 With metallic nanoparticles, this interaction involves the collective motion of 

all conductive electrons in a particle. If the energy of the electrons can be 

rapidly transferred to the crystal lattice due to good heat transfer between the 

electrons and  the phonons, the particle heats rapidly. If enough energy is 

absorbed, the particle can melt and finally evaporate. The amount of energy that 

a particle absorbs from the pulse laser beam, is calculated by [99]: 

 

          = J    
                                                          (1.12) 

     Where J=  
  

  
 

J is laser fluencies,     is pulse energy,    is spot size area and     
  is the 

particles absorption cross section, which strongly depends on the laser 

wavelength,  so the amount of energy of the  particle´s absorption  is equal to 

[99]: 

 

     =  
  

  
     

                                                       (1.13) 

 

 

  The absorption efficiency for a spherical nanoparticles can be calculated as 

follows [99] : 

 

      
  = 

     
 

   
                                                            (1.14) 
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Where    is the diameter of nanoparticle, Ԛ is the  absorption efficiency (unit 

less) and both Ԛ and σ also strongly depend on laser wavelength, particle size 

and shape [99]. When the laser beam interacts with a material in vacuum, air or 

liquid medium, the incident light can either be reflected or absorbed. The laser 

absorbed energy can react with materials in either a thermal or chemical 

reaction. Generally, the mechanisms that can possibly occur as a result of the 

laser- matter as photochemical, photothermal and photophysical [100]. For the 

particles, the amount of energy absorbed by a particle (the equation(1.14)) of 

any size from the laser pulse can be calculated. According to the equation 

(1.14), this energy is spent for the particle heating–melting–evaporation process. 

If the amount of absorbed energy is rather small, only particle heating can be 

expected. And with more absorbed energy, melting occurs[99,100]. 

  

1.8 Literature Review  

This review describes and shows some of results and researches of laser micro 

and nano drilling with material . 

L. Li, et. al. (2006), investigated into a sequential laser and EDM micro-drilling 

technique for the manufacture of next generation fuel injection nozzles. A laser-

drilled pilot hole is rimmed out by EDM drilling. It was found that this hybrid 

process has eliminated the problems of recast and heat affected zones typically 

associated with the laser drilling proc Nd:YAG laser (1064 nm wavelength) 

with 10-40 µs pulse length at a repetition rate of up 2000 Hz with 15 mJ/pulse 

and a Spectra Physics Powergator diode pumped solid state (DPSS) laser (1064 

nm wavelength) with 15 ns pulse length at a repetition rate up to 10 kHzess on 

plastic material. [101]. 

In 2011, C. A. Biffi, et. Al, studied the effects of the main process parameters 

(pulse energy and pulse frequency) on the quality features of the machined 
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through holes, i.e., diameters, taper, circularity, and area of top spatter. 

Adequate regressive models are developed to define the functional relationship 

between the hole quality and the main process parameters [102]. 

I. J. Mahmood, et. al. (2015), found that the wavelength and the duration of the 

laser pulse play an important role in laser drilling process where considered 

very short pulses (picoseconds) is the best in the drilling process. It has been 

used Nd:YAG laser (with minimum pulse duration of 0.5 ms) on the drilling 

process with Stainless steel304 and Single crystal silicon) [103].  

L. N. Meng, et. al. (2015), constructed blind micro-hole array templates by 

laser drilling using fiber laser on a Ti6Al4V substrate.The influence of laser 

parameters on the morphology of the blind holes was investigated and the blind 

micro-hole array templates were fabricated by the optimized laser parameters 

[104]. 

J. Tu, et. al. (2016), investigated rapid, high aspect ratio microhole drilling 

using a CW Single-Mode Fiber Laser based on the single pulse drilling 

technique,  samples of stainless steel, aluminum . However, the peak power 

values of subsequent pulses decrease with higher repetition rates. Another 

contributing factor of the synergistic effect is related to the melt ejection 

efficiency. As the hole deepens, the melt ejection becomes less effective to eject 

the melt completely out of the hole, resulting in a partially blocked [105]. 

F. Courvoisier, et. al. (2016), studied the benefits and applications of 

nondiffracting beams for laser micro- and nano-processing in the general 

context of materials processing with ultrashort pulses in the filamentation 

regime and mentioned the applications on ultra-high aspect ratio nano-drilling 

and direct laser processing [106]. 

K. L. Dhaker, et. al. (2017),  investigated the effect of laser process parameters 

like, gas pressure, pulse laser energy, pulse width, frequency, stand of distance, 
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and cutting speed on the drilled hole diameter in the laser trepan drilling of 

Inconel718 sheet. Also, made the small hole of desired size in the aerospace 

components which was a challenging task for the manufactures [107]. 

G. D. Gautam, et. al. (2018), emphasized the use of pulsed Nd:YAG laser 

drilling of different materials in order to enhance productivity of this process 

without adverse effects on the drilled holes quality characteristics. Additionally, 

they studied the possible scope in the area of pulsed Nd:YAG laser drilling[ 

108]. 

A. Stephen, et. al. (2018). studied the possibility of drilling  titanium sheets 

using the laser processes of single pulse and percussion drilling [109]. 

G. G. Dongre,et. al. (2019), carried out micro-hole drilling using alloy, super 

alloys and composite materials, analyzed the effect of pulse duration and beam 

energy on materials to  achieve quality holes. Holes are analysed for size and 

shap. It also investigated effect of laser drilling techniques like percussion, 

trepanning and helical on accuracy of holes. [110]. 

D. Pramanik, et. al. (2021), confirmed the use of unique parameter of sawing 

angle and constant focal point distance strongly influence on hole diameter and 

circularity in laser trepan drilling and investigated the laser trepan drilling by 

multi diode pulsed fiber laser beam machining [111]. 

 V. Chengal Reddy, et. al.  (2021),  optimized the surface roughness (Ra) and 

HAZ in fbre laser drilling of AISI 303 material. Surface roughness and heat-

afected zone (HAZ) are the important features which infuence the performance 

of the laser-drilled products[112].   

S. Chatterjee, et. al. (2021), used pulsed millisecond Nd:YAG laser for micro 

drilling of titanium alloy and stainless steel under identical machining 
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conditions by varying the process parameters such as current, pulse width, pulse 

frequency, and gas pressure on accuracy of holes [113]. 

X. Jia, et. al. (2022), achieved  the high-quality and high-efficiency micro-hole 

drilling through controlling the laser–matter interaction, compared the 

characteristics of different laser drilling method (LDM) with systematically the 

morphology, diameter, circularity, taper angle, cross-section, heat affect zone, 

recast layer, cracks, roughness, micro–nano structure, photothermal effect and 

photochemical reaction of the drilling. The material is ceramic  and it is drilled 

hole by (1064 nm wavelength, 4 J pulse energy, 20 Hz repetition rate, 0.5 ms 

pulse duration) with different pulse numbers [114]. 

T., Barthels, et. al. (2019, September). They developed technology high-

precision ultrashort pulsed laser drilling of micro and nano holes using 

multibeam processing, femtosecond laser source with stainless steel [115]. 

 

1.9 Aim of the work 

         In this work, the aim is to study the effect of interaction of Q-switched 

Nd:YAG laser with different nanoparticles types on different materials (metals)  

and try to obtain microholes and nanoholes according to this effect. Also, 

studying the effect of laser parameters (laser pulse energy, laser repetition rate)  

and different concentrations of nanoparticles on the accuracy and size of holes. 
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2.1 Introduction  

       This chapter deals with the experimental setup, and the technique, which 

has been used in this work. In addition preparation of nanofluid will be 

introduced. The mixing of the nanoparticles with water to make the nanofluid at 

an appropriate concentration are explained in detail. The importance and key 

points of selection for both nanoparticles and different materials are discussed. 

As both of nanoparticles rely on the interaction with the laser beam and the 

amount of energy absorption from it to reach the melting point for each of them, 

the operation principles of both nanoparticles are similar except of the physical 

properties that are different. The selection of different materials depend on their 

characteristics that are discussed in this chapter. This system is constituted by 

an auxiliary part that interacts with the laser beam and deals with different 

materials with the technique that is mentioned in detail. The necessary 

instruments  and devices used in this experiments are listed and discussed in 

details in terms of performance and specifications, and this chapter expresses 

the certification standard for obtaining micro and nano holes.  
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                            Figure (2.1): Diagram showing the setup of the work 

 

2.2 The experimental setup 

  The experimental setup that has been used in this work is shown in Figure 

(2.2).
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Fig.(2.2): Schematic diagram of the experimental setup for laser microdrilling  

 

      The study employed a Q-switched Nd:YAG laser system of 1064nm 

wavelength, 10ns pulses width, a range of pulse repetition rate of 1-20 Hz, and  

maximum pulse energy of 900mJ. An air compressor pumps air through a jet 

nozzle. Convex lens of 100mm focal length is used to focus the laser beam. 

Three types of metals of 0.1mm  thickness were utilized as target namely 

aluminium alloy AA8009, pure titanium (Ti) and pure copper (Cu). Two types 

of nanoparticles were used in this work, tungsten carbide (WC)of 55nm grain 

size and silicon carbide (SiC) of 50 nm grain size. In this setup, different ratios 

of nanoparticles were mixed with distul water to make the nanofluid. So, the 

first type of nanoparticles SiC is mixed with distul  water at room temperature 

using the mixing capsule magnetic stirrer bar. This solution is placed on a 

magnetic stirrer device for 30 minute at a temperature of 50°C to obtain a 
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homogeneous suspended solution. The nanofluid is injected into a jet nozzle 

that is coupled to an air compressor with a work pressure of 150-200 psi. The 

laser beam is focused on the nanofluid spray above the surface of the target, this 

technique is also used with tungsten carbide nanoparticles using the same 

procedures.  

2.2.1 Q-switched Nd:YAG Laser source  

     The pulsed Q-switched Nd:YAG laser is utilized  in this work as a source of 

energy to interact with different materials and nanoparticles. It plays important 

role in drilling process. This device was of  model is LF117, manufactured by 

SOL instruments with equimpped cooling system and power supply, as shown 

in Figure (2.3), and the specifications of laser source are listed in Table (2.1).     

A Bi-convex spherical lens (type 1187-C-ML) manufactured by Thor Labs was 

also utilized in this setup with focal length is 100mm. 
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Figure(2.3): (a) Pulsed Nd:YAG laser LF117, (b) Laser power supply and (c) cooling 

system 

 

The specifications of the laser source show in Table (2.1). 

 Table(2.1) parameters of laser source 

 

                                                           Specification 

Type Solid laser 

Active medium Nd:YAG 

Wavelength Near infra –red(1064 nm) 
Output Pulsed (Q-switched) 

Max- Pulse energy 900 mJ 
Pulse width 10 ns 

Pulse Repetition Rate 1-20 Hz 
Beam Divergence <0.7>mrad 

Beam diameter  ∼7.5 mm 

Operating Mode  Pulse 
Radius of spot size after 
focusing 

0.758mm 
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2.2.4 Air compressor                        

      An Air compressor model Abollo50, fiac was used in this setup. The 

compressor gives a pressure of range 0-230 psi (0-16 bar) with running power 

1.5HP, as shown in Figure (2.4).  

A Jet nozzel (model: KMOON, Single Action 0.8mm Airbrush) with nozzle 

diameter 0.8mm (0.031in) was connected to air pressure and utilized  to spray 

the nanofluid on the material's surface, as shown in Figure (2.5). 

  

Figure(2.4): Air compressor 
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Figure(2.5): Jet nozzle 

 

 

  2.2.5  Magnetic stirrer device 

          A magnetic stirrer device with model MAGNETIC STIRRE HOTPLATE, 

manufactured by L.I.P.EQUIPMENT&SERVICES LTD GTURT SCIENTIFIC 

CO. LTD., was used for mixing and blending the nanoparticles powder with 

water, as shown in Figure (2.6a). A magnetic stirrer or magnetic mixer is a 

laboratory device that employs a rotating magnetic field to cause a stir bar 

immersed in a liquid to spin very quickly, thus stirring it [116]. The magnetic 

stirrer bar (or mixing capsule) was also employed in this work to stir, mix and 

homogenize the nanofluid in a small container. The standard laboratory 

magnetic stirrer bar has diameter of Ф5mm diameter and length of 20mm, as 

shown in Figures (2.6b). 
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                                        (a).                                                                   (b) 

Figure (2.6a): Magnetic stirrer device                           Figure (2.6b): magnetic stirrer bar  

 

          

2.2.6  Ultra- Sonic Cleaner  

        The ultra- sonic device is used to clean and sterilize the small container 

and the mixing capsule that has been used in this work. The ultra- sonic device 

was of model is 010, INSP No.: Qc 11, IN PUT from US and Engineered to 

Last company, as shown in Figures (2.7).  

                                        

Figure (2.7): Ultra-Sonic Cleaner . 
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2.3  Materials 

      The materials that have been used in this work was as follows that 

aluminium alloy (AA8009),  pure titanium(Ti), pure copper(Cu),  and two types 

of  nanoparticles include tungsten carbibe nanoparticles (WC) and silicon 

carbide nanoparticles (SiC). The diamentions of each samble are 

(20*20*0.1)mm. 

2.3.1 Aluminium alloy (AA8009) 

         This alloy has good thermal stability, high temperature strength, high wear 

resistance and good thermally properties[117]. This material produced by 

Zhogke Yanno company, North District of Xinyan, Science and Technolgy 

Park, Beijing. The chemical components using X ray fluorescence test, as 

shown in  Table(2.2)  of this alloy are aluminium, manganese, titanium, iron,  

silicon, zinc  and vanadium etc. [118].  

 

Table(2.2): The chemical composition of aluminium alloy(AA8009) 

Symbol Mg Al Si P S Ti V Cr Mn Fe Co Ni Cu 

Concentration 

        % 

0.015 88.3 0.66 0.003 0.002 0,26 0.00085 0.0142 0.299 3.797 0.154 0.1074 1.530 

Symbol Zr Nb Mo Ag Cd Sn Sb W Zn Pb 

Concentration 

        % 

0.0076 0.0012 0.504 0.0073 0.0105 0.00024 0.015 0.07 1.514 0.622 

Sum of concentration is 99.00% 

 

2.3.2 Titanium material 

     Titanium material has  high strength, difficult to machine, high hardness and 

heat resistant. It represents a challenge during machining by conventional 

machining processes. This is due to their high strength and low thermal 
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conductivity [119]. This material produced by Zhogke Yanno company, North 

District of Xinyan, Science and Technolgy Park, Beijing. The chemical 

composition of this material using X ray fluorescence test, as shown in 

Table(2.3). 

Table(2.3): The chemical composition of pure Titanium 

Symbol Mg Al Si P S Ti V Cr Mn Fe 

Concentration 

        % 

0.022 0.0048 0.0016 0.0033 0.002 98.3 0.034 0.00035 0.0472 0.1836 

Symbol Cu Zr Nb Mo Ag Cd Sn Sb W Zn 

Concentration 

        % 

0.0613 0.016 0.0061 0.161 0.0248 0.0063 0.001 0.0199 0.0018 0.0693 

Symbol Co Ni Pb 

Concentration 

        % 

0.0091 0.0145 0.00076 

 Sum of concentration is 99.00% 

2.3.3 Copper material           

     Copper has several advantageous characteristics, including strong electrical 

conductivity, thermal conductivity, corrosion resistance, ease of alloying, ease 

of joining, toughness, and non-magnetic qualities [120]. This material produced 

by Zhogke Yanno company, North District of Xinyan, Science and Technolgy 

Park, Beijing. The chemical composition of this material using X ray 

fluorescence test, as shown in Table(2.4). 

Table(2.4): The chemical composition of pure Copper 

Symbol Mg Al Si P S Ti V Cr Mn Fe Co 

Concentration 

        % 

0.024 0.0377 0.0017 0.0012 0.002 0.0125 0.0015 0.06 0.0468 0.0514 0.0312 

Symbol Ni Cu Zn As Zr Nb Mo Ag Cd Sn Sb 

Concentration 

        % 

0.0896 98.57 0.0049 0.00032 0.01 0.0037 0.088 0.0027 0.007 0.001 0.0085 

Symbol W Pb 

Concentration 

        % 

0.0087 0.0015 

Sum of concentration is 99.00% 



Chapter Two                      The Experimental Details                                     37              
 

 

 

The properties of the materials used in experimental work were listed in 

Table(2.5). 

Table(2.5): The properties of the materials. 

Material Aluminium Titanium Copper 

Symbol Al Ti Cu 

Atomic Number(Z) 13 22 29 

Purity 88.30  98.37 98.57 

Element Category Alloy Metal Metal 

Atomic Mass (u) 26.981539 47.867 63.5464 

Phase at STP Solid Solid Solid 

Density at STP          

(g/     
2.7 4.54 8.96 

Possible Oxidation 

State  

+3 +4, +3, +2 +1 , +2 

Melting Point(℃) 660 1668 1084.62 

Boiling Point (℃) 2467 3287 2500 

Thermal 

Conductivity 

(W/m.k) 

239 19 392 

 

2.3.4 Tungsten carbide  nanoparticle (WC) 

       It has characteristics of the hard-facing particles offers a unique 

combination of high hardness, high toughness, good wear-resistance, good 

fracture resistance, high melting point and high temperature strength [121,122]. 

The chemical composition of tungsten carbide nanoparticles are shown in Table 

(2.6). 

 The tungsten carbide nanoparticle was utilizing  in this work as an important  

auxiliary for the drilling process, it acts as a tool for drilling. This nanoparticle  

was of model  (US2063, with CAS#: 12070-12-1),  and from (US Research 

Nanomaterials,   Houston, TX USA) Company. 
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Table (2.6): chemical composition of tungsten carbide nanoparticles 

Total 

Carbon 

Free 

Carbon 

Average 

Crystalline 

size 

Surface 

Area 

Al Ca Cr V Fe Mo Si O 

6.61+0.1% <0.08% 40-70 nm 1.3-2.0 
m²/g 

50 

ppm 

50 200 280 200 50 5
0 

0.3
% 

 

 

The SEM test and X-Ray Diffraction of tungsten carbide nanoparticles  

(WC), as shown in Figures(2.7) and (2.8). 

 

 

Figures(2.8): The SEM test of tungsten carbide nanoparticles 
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Figures(2.9): X-Ray diffraction of tungsten carbide nanoparticles  

 

2.3.5  Silicon carbide nanoparticles 

    It has many superior characteristics, such as wide bandgap, excellent thermal 

conductivity and thermal shock resistance, good chemical, oxidation resistance 

and  high electron mobility [123].  

The silicon carbide nanoparticle  is also employed  in this work as an important 

assistant factor for the drilling process, it acts as a tool for drilling. This 

nanoparticle  was of model  (US2028), and from (US Research Nanomaterials,   

Houston, TX USA) Company. The SEM test and X-Ray Diffraction of silicon 

carbide nanoparticles  (SiC), as shown in Figures(2.10) and (2.11).  
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Figures(2.10): SEM test of silicon carbide nanoparticles(SiC) 

 

 

Figures(2.11): X-Ray Diffraction test of silicon carbide nanoparticles(SiC) 
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The characteristics  of two kinds of nanoparticles, as shown in Table (2.7). 

 

Table(2.7): The specification of nanoparticle 

 Nanoparicles Tungsten carbide Silicon carbide 

Formula Molecule WC SIC 
Crystal structure Hexagonal Cubic 

Form Powder Powder 

Purity 99.9 % 99% 
Colour Grey Black Grayish white 

Grain size 55 nm 50 nm 
Average Particle Size      
(APS)  

(150 – 200) nm (45 – 65) nm  

Melting point (m.p) 2870 ℃ 2730 ℃ 

Solubility Insoluble in water Insoluble in water 
Specific Surface Area 
(SSA) 

(1.3 -2)     (40 – 80)       

Density  15.63       3.216       

Thermal conductivity  85 (120- 170)      

Free carbon 0.08 % 0.76 % 

 

 

 

2.4 Preparation of Nanofluid 

         Nanofluids are a class of fluids with excellent heat transfer properties, 

which are designed and made by  suspending metal and nonmetal nanoparticles 

in a base fluid such as water [124]. In this work, the distul water was used with 

nanoparticles to form nanofluids. 

In a small container, tungsten carbide (WC) nanoparticles are mixed with water 

(base fluid) at room temperature using a magnetic stirrer bar (mixing capsule). 
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This nanofluid was placed on a magnetic stirrer device at a temperature of 50°C 

for (20-30) minute.  

Depending on the ratio of nanoparticle powder to water, three degrees of 

concentration were obtained, high, medium and light concentration for each 

type of nanoparticles. Various materials are exposed to these nanofluid 

concentrations. 

The same steps are applied again using the silicon carbide nanoparticles. 

 

 

2.4.1 calculation of concentration ratio for nanofluid 

-At 90% concentration ratio (high concentration of nanofluid) 

    In this case, it can be take 90g from silicon carbide nanoparticles (as a solute) 

mixing with 10g from distul water (D.W) (as a solvent) to obtain jel solution.  

 

Concentration ratio(g/g) =
                  

                
      

X = 
              

                                    
*100% 

X = 
   

       
*100% 

X = 
    

       
*100% =

    

    
*100% = 0.9*100% 

X= 90% 

 

-At 50% concentration ratio (medium concentration of nanofluid) 

In this case, it can be take 50g from silicon carbide nanoparticles mixing with 

50g from distul water (D.W) to obtain thick solution. 

X = 
              

                                    
*100% 
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X = 
    

       
*100% =

  

   
      = 50% 

 

-At 5% concentration ratio (light concentration of nanofluid) 

In this case, it can be take 2.5g from silicon carbide nanoparticles (as solute) 

mixing with 47.5g of distul water (D.W) ( as solvent) to obtain homegenius 

solution. 

Concentration ratio(g/g) =
                  

                
      

X = 
              

                                    
*100% 

X = 
    

          
*100% 

X = 
     

          
*100% =

     

   
*100% = 5% 
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3.1 Introduction 

       This chapter includes the experimental results that has been obtained in this 

work to get the micro and nano holes in the targets. These results were analysed 

using scanning electron microscopy (FESEM) test. Different results were 

obtained according  to the various parametrs and different materials that have 

been used  in this work. Different materials were used and examined in advance 

using X-ray fluorescence (XRF), and the experimental procedures were carried 

out using different laser pulse energies, various laser repetition rates and 

different nanoparticles. The use of different laser pulse energies with and 

without the nanofluid on different materials is compared. The materials that 

have been used in this work are aluminium alloy(AA8009), pure titanium and 

pure copper. The laser intensities used in this work with various laser energy, 

are listed in Table (3.1). The Beam Profile is Gaussian and the radius of spot 

size after focusing is 0.7516mm. 

Table (3.1): listed the laser parameters with different laser energies 

Repetition 

Rate(Hz) 

Pulse Width 

(ns) 

Pulse Energy 

(mJ) 

Laser Intensity 

(W/     

Peak power 

(W) 

5 10 600 6.6 x    6.0 x    

10 10 700 7.7 x    7.0 x    

10 10 800 8.8 x    8.0 x    

 

3.2 Results 

  The first attempt to obtain nano and micro-holes, laser parameters applied on 

aluminum alloy that laser pulse energy of 400 mJ and repetition rate is 5Hz 

using silicon carbide nanoparticles and light concetration of nanfluid with 

exposure time is 5sec. The examination was conducted in the laboratories of the 
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University of Technology. The results of SEM test indicated that no penetrating 

holes and irregular surface were obtained, as shown in Figures(3.1). In this  

situation, a low laser energy was used with the same ideal parameters on the 

aluminum alloy, this lead to low absorption of laser energy, the nanoparticles 

could not reach the state of complete melting. In addition, aluminum has good 

thermal conductivity and good thermal expansion, which makes it difficult to 

obtain perfect holes under these conditions. 

 

(a) 
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Fig.(3.1): The FESEM test for AA8009 alloy pulsed laser with 400mJ pulse energy, 5 Hz 

repetition using silicon carbide nanoparticles with exposure time is 10sec 

The laser parameter had been used in this work, like different laser pulse 

energies of (600 mJ,  700 mJ and 800 mJ) with different repetition rates ( 5Hz, 

10Hz) are focused on different nanoparticles and different materials to get the 

result of micro and nano drilling.  

 

3.2.1 Q-switched Nd:YAG Laser interaction with aluminium alloy    

(AA8009)    

3.2.1.1 Laser  interaction with AA8009 without using nanoparticles   

       In this work, Q-switched Nd:YAG laser with energy of 800mJ, with 10Hz 

repetition rate subjected to AA8009 sheet  for 40 sec. As a result there, no 

drilling holes clearly appeared as shown in Figure (3.2). 
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Figure(3.2): The FESEM test for AA8009 alloy using Nd: YAG pulsed laser with 800mJ 

pulse energy, 10 Hz repetition rate and 40 sec exposure time without using 

nanoparticles   

  

     This Figure shows the effect  of the laser pulse on the target. There is only a 

thermal effect (without obtaining any holes on the target). This means that the 

laser with its maximum energy, with high repetition rate and with a long 

exposure time, couldn't make any hole in the target. There is only thermal 

effect( thermal expansion) on this material and aluiminum has high reflectance 

of the incident laser beam. 

 

3.2.1.2 Laser interaction with AA8009 using SiC NPs fluid 

     In this work, the concentration ratio of nanofluid that has been used was 90% 

(of nanoparticles), the laser pulse energy is 800mJ, repetition rate is 10Hz and 

exposure time is 5sec. The (FESEM) test appears the aggregations of 
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nanoparticles and microcracks on the surface of the target, as shown in Figure 

(3.3).  

 

file:///C:/Users/hind/Dow nloads/Telegram D esktop/11.pdf 

Figure(3.3): FESEM image for AA8009 alloy using Nd:YAG pulsed laser with 800mJ 

pulse energy, 10 Hz repetition rate, 5 sec exposure time  and 90% concentration ratio of 

SiC nanofluid       

  

        This case can be attributed to the high concentration of nanoparticles and 

high laser energy . In the drilling process, the nanofluid continues to be pumped 

while the laser beam is focused on it. During this, a large group of nanoparticles 

reach the stage of melting, so the cracks are made, and the other reaches the 

heating stage only and descends as accumulations on the surface, according to 

the concentration of the nanofluid used in that case and the type of nanoparticles 

used. The cracks on this material as aresults of  heat conduction  and thermal 

stresses(mechanical stress).  
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If the concentration ratio of nanofluid is reduced to 50%, the laser pulse energy 

is 600mJ, repetition rate is 5Hz and exposure time 5sec, the microholes were 

obtained on the target, as shown in Figure (3.4). 

 

   

Fig.(3.4): The FESEM test for (AA8009) alloy using Nd:YAG pulsed laser with 600mJ 

pulse energy, 5 Hz repetition rate, 5sec exposure time  and 50% concentration ratio of 

SiC nanofluid   

  

 

     The FESEM image of aluminium alloy(AA8009) Figure (3.4) shows some 

amount of (SiC) nanoparticles are melted and come down to the surface to drill  

micro holes and some of (SiC) nanoparticles accumulated sufficiently forming 

cracks on the target. The thermal elastic stress can lead to cracks because of 

different tempreture between aluminium alloy and (SiC) nanoparticles.   
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       When the concentration ratio of the nanofluid is reduced to 5% (of the 

nanoparticles), the laser pulse energy is 600mJ, repetition rate is 5Hz and 

exposure time is 5sec, the microholes and nanoholes for aluminium 

alloy(AA8009) are obtained. Figure (3.5) indicate that, few numbers of fine 

nano holes appear on the target due to light concentration of nanoparticles. The 

number of nanoparticles in the fluid will be small. This will lead to make the 

number of these particles per unit volume is also small. These small sizes of 

nanoparticle groups will melted in a short time according to its size and density 

causing these holes. 

 

Fig.(3.5): The FESEM test for AA8009  alloy using Nd:YAG pulsed laser with 600mJ 

pulse energy, 5 Hz repetition rate, 5sec exposure time  and 5% concentration ratio of 

SiC nanofluid 
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        The result of Figure (3.6) indicates that, if the exposure time is increased to 

be 10 sec for the same laser parameters, a lot of fine nanoholes will appear on 

the target as shown in Figure (3.6). Figure (3.5) differs from Figure (3.6) in 

terms of the number of holes due to the difference in exposure time only for the 

same parameters.  In addition to the physical properties of the material, 

especially with regard to the low melting point compared to the molten 

nanoparticles coming down, this makes it react easily and produce many nano 

and micro holes at a time of greater exposure. 

 

Fig.(3.6): The FESEM test for (AA8009) al alloy using a Yag pulsed laser with 600mJ 

pulse energy, 5 Hz repetition rate, 10sec exposure time  and 5% concentration ratio of 

SiC nanofluid 

 

 

 

 

Hollow Hole 

φ55nm 
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3.2.1.3 Laser interaction with AA8009 using tungsten carbide(WCNPs) 

nanoparticles 

       When the concentration ratio of nanofluid is 90% (of the nanoparticles), the 

laser pulse energy is 800mJ, repetition rate is 10Hz and exposure time is 

(30sec), the aggregations of nanoparticles were obtained, as shown in 

Figure(3.7(a,b)). This belongs to the high laser energy, and high concentration 

of (WC) nanoparticles . These nanoparticles size, higher density and different 

physical properties as compared to SiC nanoparticles. Therefore, large numbers 

of nanoparticles need more time (30sec.) to melt and drill, they accumulated  

and fallen on the target with irregular holes and also aggregated on the surface 

and due to high energy, high absobtion by this material ( aluminium has good 

thermal conductivity), this causes high temperature and high roughness on the 

target.   

(a) 

 

(a) 
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  (b)                 

Fig.(3.7(a,b)): The FESEM test for AA8009 alloy using Nd:YAG pulsed laser with 

800mJ pulse energy, 10 Hz repetition rate, 30sec exposure time  and 90%concentration 

ratio of WC nanofluid   

 

   If the concentration ratio of nanofluid is reduced to 50% (of the 

nanoparticles),  the laser pulse energy is 600mJ, repetition rate is 5Hz and 

exposure time (30)sec, the microholes were obtained on the target, as shown in 

Figure (3.8). 
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(a) 

 
 

(b) 
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(c ) 

Fig.(3.8(a, b, c)): The FESEM test for AA8009 al alloy using Nd: YAG pulsed laser with 

600mJ pulse energy, 5 Hz repetition rate, 30sec exposure time  and 50% concentration 

ratio of WC nanofluid 

  

      These results indicate, the presence of micro holes and cracks in the material 

because of the concentration of the nanofluid is still high  and the nanofluid 

continues pumping while the laser beam is focused on it. So, a large group of 

nanoparticles  reach the stage of melting, forming large molten  conglomerates 

that drop and drill for easy interaction between them so holes are made. The 

nanoparticle has an exposure time that varies according to its physical 

properties. As for some of the molten nanoparticles, they descend and cause a 

cracks due to the physical properties such as melting point and thermal 

properties of the target (good thermal conductivity).These cracks created by 

thermal elastic in this material due to variable of heating betweem aluminium 

alloy and melting nanoparticles. 

Length of crack  8 μm 
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The concentration ratio of the nanofluid is reduced to be as 5% and sprayed on 

the target. The laser pulse energy is 600mJ, repetition rate is 5Hz and exposure 

time is (30)sec, so the micro and nanoholes for the aluminium alloy (AA8009) 

are obtained, as shown in Fig.(3.9(a,b)). In this Figure, less regular holes were 

obtained as compared to holes achieved from SiC nanoparticles (Figure (3.5)). 

The reason for this is due to  the difference in the melting point and physical 

properties between the two  nanoparticle leads to different in exposure time. In 

this process, used light concentration of  tungsten carbide nanoparticle will 

make small groups of nanoparticles melted and fell to drill in more time. 

Because of the continuous nanofluid spraying procedure used during the work, a 

portion of the tungsten carbide nanoparticle is heated but not melted. These 

heated nanoparticles will come down into the metal, causing irregularities in the 

diameter of the holes, but do not cause aggregations (or may cause a small 

aggregation) because the concentration here is little. 

  

(a) 
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(b) 

Fig.(3.9(a,b)): The FESEM test for AA8009 al alloy using Nd:YAG pulsed laser with 

600mJ pulse energy, 5 Hz repetition rate, 30sec exposure time  and 5% concentration 

ratio of WC nanofluid    

 

3.2.2 Q-switched Nd:YAG laser  interaction with Titanium  

3.2.2.1 Laser interaction with titanium without using nanoparticles                                                                                      

      In this state, the laser pulse energy of  800mJ was used, repetition rate was 

10Hz and exposure time was (40sec). The drilling holes were not detected, as 

shown in Figure(3.10).  
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Fig.(3.10): The FESEM test for titanium using Nd:YAG pulsed laser with 800mJ pulse            

energy, 10 Hz repetition rate and 40sec exposure time  without using nanoparticles 

 

3.2.2.2 Laser interaction with titanium using SiC NPs 

         If the concentration ratio of nanofluid is 90% (of nanoparticles), the laser 

pulse energy is 800mJ, repetition rate is 10Hz and exposure time is 5sec, the 

cracks are formed, as shown in Figure(3.11a) and aggregations of nanoparticles 

are obtained on the target, as shown in Figure(3.11b). In this case the high 

concentration of nanoparticles  causes drawback in titanium due to the pumping 

of nanofluid is continuous. So, amount of (SiC) nanoparticles are melted in this 

process and come down to deal with material caused cracks in short time. Some 

of nanoparticles are heated only and fallen on as agglomerations on the surface. 

Additionaly, because oh high energy of pule laser and the melted nanoparticles 

were falled, thermal elastic on the  titanium. 
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                                                             (a) 

Fig.(3.11a): The FESEM test shows cracks in titanium using Nd: YAG pulsed laser with 

800mJ pulse energy, 10 Hz repetition rate, 5sec exposure time  and 90% concentration 

ratio of SiC 

 

 

 

 

 

 

 

 

 

 

 

(b) 

Fig.(3.11b): The FESEM test for titanium using a Yag pulsed laser with 800mJ pulse 

energy, 10 Hz repetition rate, 5sec exposure time  and 90% concentration ratio of SiC 

nanofluid 

 

  

Length of crack 1.5 μm 

Width of crack 150 nm Length of crack 420 nm 
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    When the nanofluid concentration ratio was reduced to 50% (of 

nanoparticles), the laser pulse energy is 600mJ, repetition rate is 5Hz and 

exposure time is (5, 10)sec, the micro holes on titanium are formed, as shown in 

Figure(3.12a). Irregular micro holes and aggregations of nanoparticles, can be 

shown in Figure(3.12b).  

Figure (3.12a) indicates that, when  the same parameters of laser were used, the 

same concentration of nanofluid and the same of nanoparticles but short 

exposure time (5sec), the large amount  of nanoparticles are melted and become 

bulks caused micro and irregular holes on the surface in this short time.  

 

 

 (a) 

Fig(3.12a): The FESEM test of titanium using Nd: YAG pulsed laser with 600mJ pulse 

energy, 5 Hz repetition rate, 5sec exposure time  and 50% concentration ratio of SiC 

nanofluid   
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     When the exposure time of the process is increased to (10sec) for the same 

parameters on the same material, the large numbers of nanoparticles are melted 

and become bulks caused that irregular micro holes and large amount of 

agglomeration on surface, as shown in Figure (3.12b). The some other of 

nanoparticles are melted  properly and drop down causing  nano and micro 

holes.   

   

 

(b) 

Fig.(3.12b): The FESEM test for titanium using Nd: YAG pulsed laser with 600mJ pulse 

energy, 5 Hz repetition rate, 10sec exposure time  and 50% concentration ratio of SiC 

nanofluid   

 

     When the nanofluid concentration ratio is reduced to 5%, the laser pulse 

energy is 600mJ, repetition rate is 5Hz and exposure time is 5sec, the nano and 

the microholes in titanium are achieved, as shown in Figure (13(a,b)).  
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      When the number of nanoparticles in the fluid will be small due to light 

concentration and the pumping of nanofluid is continuous, these nanoparticles 

will melted in a short time 5sec according to its size and density causing these 

fine holes.  

 

(a)  
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(b) 

Fig.(3.13)(a,b):  The FESEM test for titanium using Nd: YAG pulsed laser with 600mJ 

pulse energy, 5 Hz repetition rate, 5sec exposure time  and 5% concentration ratio of 

SiC nanofluid  

 

 The FESEM test was conducted in this case at the University of Kurdistan and 

it shows the accuracy and regularity of the resulting holes due to the physical 

and mechanical properties of titanium, where titanium has the lowest thermal 

conductivity (19W/m.k) compared to aluminum and copper in additional it has 

high moduls and ductile.       

3.2.2.3  Laser interaction with titanium using tungsten carbide(WC) 

nanoparticles   
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      If the nanofluid concentration ratio is 90% (of nanoparticles), the laser pulse 

energy is 800mJ, repetition rate is 10Hz and exposure time is (30)sec, the 

irregular holes will appear on surface, as shown in Figure (3.14a) and 

aggregations of nanoparticles are obtained in the target, as shown in Figure 

(3.14b).  

      This result indicates that a high roughness on titanium when compared with 

Figure (3.7a), high roughness for the same laser parameters, the same 

nanoparticles and the same concentration of nanofluid due to the different 

thermal properties, as aluminum has the highest thermal conductivity compared 

to titanium material. 

 

 

 

 

 

 

 

 

 

 

(a) 
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(b) 

Fig.(3.14)(a,b): The FESEM test for titanium using Nd: YAG pulsed laser with 800mJ 

pulse energy, 10 Hz repetition rate, 30sec exposure time  and 90% concentration ratio of 

WC nanofluid   

 

    When the nanofluid concentration ratio was lowered to 50% (of 

nanoparticles), the laser pulse energy is 600mJ, repetition rate is 5Hz and 

exposure time is (30)sec, the micro holes were obtained on the target, as shown 

in Figure (3.15a) and cracks are formed, as shown in Figure (3.15b). 

     These results indicate that reducing the laser parameters while reducing the 

nanoparticles concentrations by half, not achieving perfect holes and even 

making cracks as defects in the sample. Because the non-light concentrations 

which lead to the large number of nanoparticles are melted for a long exposure 

time, a part of them is collected and come down causing a crack on the surface, 

and the other part fall on in the form of irregular holes. 
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(a) 

 

(b) 

Fig.(3.15)(a,b): The FESEM test for titanium using a Yag pulsed laser with 600mJ pulse 

energy, 5 Hz repetition rate, 30sec exposure time  and 50% concentration ratio of WC 

nanofluid   
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       If the nanofluid concentration ratio is reduced to be as 5%  and sprayed it 

on the target, the laser pulse energy is 600mJ, repetition rate is 5Hz and 

exposure time is (30)sec, the microholes and nanoholes for the titanium are 

achieved with the minimum heat affected zone ( A ) and least amount of 

nanoparticles  aggregations, as shown in Figure (3.16). 

This result indicates the effected of light concentration on target, so a few of 

number of tungsten carbide nanoparticle is melt completely. They have higher 

melting point (2870℃0)compared with silica carbide nanoparticles. When the 

nanoparticles reach the melting stage, they drop and drill the nano and micro 

holes perfectly and easily because of dealing with titanium metal, whose 

melting point is less than the tungsten carbide. Due to the continues nano fluid 

pumping process during the work, part of tungsten carbide nanoparticle do not 

melt, they reach the heating stage. They descend into the metal, causing micro 

and nano holes  on the surface, but cause a very little aggregations because the 

concentration here is minimum. 

    

 

 

 

 

 

 

 

 

 

 

Fig. (3.16): The FESEM test for titanium using Nd: YAG pulsed laser with 600mJ pulse 

energy, 5 Hz repetition rate, 30sec exposure time  and 5% concentration ratio of WC 

nanofluid 

Hollow Hole φ 700 nm 

Hollow Hole φ 600 nm 

Hollow Hole φ 400 nm 

Hollow Hole φ 410 nm 
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3.2.3 Q-switched Nd:YAG laser interaction with Copper 

3.2.3.1 Laser interaction with copper without using nanoparticles  

       The laser parameters that were used in this work are the laser pulse energy 

of 600mJ, and increased to (700-800)mJ, repetition rate was 10Hz and exposure 

time was (40sec), the drilling holes were not investigated, as shown in 

Figure(3.17). 

     This result shows the effect  of the laser parameters on the copper. There is 

only a thermal effect (without obtaining any holes on the target). This shows 

that using of the maximum laser parameters (energy, repetition rate and 

exposure time) didnt make any drilling effect on the copper target.  

When comparing the results(3.1), (3.10) and (3.17) for different metals, there is 

a difference in the area of the thermal effect due to the various optical and 

thermal properties of each of them. The low reflectivity of conduvtion metal 

made it the most effective because it had a higher absorption of laser energy and 

thus a higher thermal effect, and the high reflectivity of copper made it the least 

affected, because the absorption of laser energy was low and therefore less 

thermal effect and so on for aluminum. 



Chapter Three                       Results and Discussion                                     65              

 

 

Fig.(3.17): The FESEM test for copper using Nd:YAG pulsed laser with 800mJ pulse 

energy, 10 Hz repetition rate, 40sec exposure time  and without nanoparticles  
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3.2.3.2 Laser interaction with copper using silicon carbide(SiC) 

nanoparticles   

     The large diameter hole sizes and amount of aggregations of nanoparticles 

on surface of cooper are obtained  from the high concentration ratio of 

nanofluid of 90%, the laser pulse energy is 800mJ, repetition rate is 10Hz and 

exposure time is 40sec, as shown in Figure (3.18(a,b)). 

The results of this figure explain  the effect of high concentration with laser 

parameters on  drilling  process which causes size of holes to be in large 

diameter and cracks  due to the thermal stress in this material which created by 

changing in temperature between material and melted nanoparticles. During 

this, a large group of nanoparticles reach the stage of melting, so holes are made 

in exposure time of (5sec), as shown in Figure(3.18a). During  this process with 

exposure time is (10ses), the part of nanoparticles reached only heating stage at 

this high concentration, and accumulate to form very large amount of 

agglomerates, as shown in Figure(3.18b). 

 

 

 

 

 

 

 

 

 

                                                                  (a) 

Fig.(3.18a): The FESEM test copper drilled by Yag pulsed laser and high concentration 

of silicon carbide nanoparticles (laser energy is 800mJ, frequency is 10Hz, exposure 

time is 5sec and 90%concentration ratio).   
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                                                                  (b) 

Fig.(3.18b): The FESEM test for copper using Nd: YAG pulsed laser with 800mJ pulse 

energy, 10 Hz repetition rate, 10sec exposure time  and 90% concentration ratio of SiC 

nanofluid   

 

      If the nanofluid concentration ratio was reduced to 50%, the laser pulse 

energy is 600mJ, repetition rate is 5Hz and exposure time is 5sec, the 

aggregation of nanoparticles on copper are formed, as shown in Figure(3.19). 

This result indicates that decreasing the laser pulse energy and the  

concentration of nanfluid to half, some of the nanoparticles can melt and fall on 

to form irregular holes, and the other part of the nanoparticles do not melt, but 

come down as aggregations. By changing of temperature between them, the 

thermal stresses or plastic deformation created on this material.  
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Fig.(3.19): The FESEM test for copper using Nd: YAG pulsed laser with 600mJ pulse 

energy, 5 Hz repetition rate, 5sec exposure time  and 50% concentration ratio of SiC 

nanofluid   

 

     When the nanofluid concentration ratio is reduced to 5%, the laser pulse 

energy is 600mJ, repetition rate is 5Hz and exposure time is 5sec, the nanoholes 

in copper are achieved with the minimum heat affected zone(HAZ) width, as 

shown in Figure (3.20(a, b)). This result shows and explains the effect of light 

concentration nanofluid on the accuracy and regularity of drilling holes on the 

surface, due to small numbers of silica carbide nanoparticles according to them 

physical properties reach to melt completely to go down. These nanoparticles 

react with the copper which has less melting point to get perfect holes. 
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(a) 

  

(b) 

Fig. (3.20(a, b)): The FESEM test for copper using a Yag pulsed laser with 600mJ pulse 

energy, 5 Hz repetition rate, 5sec exposure time  and 5% concentration ratio of SiC 

nanofluid   

Hollow Hole φ 180 nm 

Hollow Hole φ 190 nm 

Hollow Hole φ 200 nm 
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3.2.3.3 Laser interaction with copper using tungsten carbide(WC) 

nanoparticles  

        In this work, the high concentration ratio of nanofluid of 90% has been 

used with the laser pulse energy of 800mJ, repetition rate is 10Hz and exposure 

time is (30)sec, the aggregations of nanoparticles are obtained in the target, as 

shown in Figure(3.21(a,b)). This results due to high energy of laser applied on 

copper and high absorbtion because it has good thermal conductivity.   

 

 

(a) 

Fig.(3.21a): The FESEM test for copper using Nd: YAG pulsed laser with 800mJ pulse 

energy, 10 Hz repetition rate, 30sec exposure time  and 90% concentration ratio of WC 

nanofluid   
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(b) 

Fig.(3.21b): The FESEM test for copper using a Yag pulsed laser with 800mJ pulse 

energy, 10Hz repetition rate, 30sec exposure time  and 90% concentration ratio of WC 

nanofluid   

 

       When the nanofluid concentration ratio was reduced to 50% (of 

nanoparticles), the laser pulse energy is 600mJ, repetition rate is 5Hz and 

exposure time is (30)sec, the irregular micro holes on copper are formed, as 

shown in Figure(3.22) due to the continuous pumping of the high concentrated 

nanofluid while the laser beam is focused on it, leads to large amount of 

tungsten carbide nanoparticles are melted in a long time, forming larger melted 

bulks, which comes down the surface, forming irregular holes.     
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Figure (3.22): The FESEM test for copper using a Yag pulsed laser with 600mJ pulse 

energy, 5 Hz repetition rate, 30sec exposure time  and 50% concentration ratio of WC 

nanofluid    

 

 

        When the nanofluid concentration ratio is reduced to 5% (of 

nanoparticles), the laser pulse energy is 600mJ, repetition rate is 5Hz and 

exposure time is 30sec, the nano and the microholes in copper are achieved, as 

shown in Figure (3.23). This result shows that  light concentration with 

appropriate parameters of laser produce amount of nano and micro holes due to 

a small number of nanoparticles that are melted and fall on the surface. The 

physical property of melting point and good thermal conductively for the 

copper, made it difficult to obtain holes in this conditions with minimum heat 

affected zone.   
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Fig.(3.23): The FESEM test for copper using Nd: YAG pulsed laser with 600mJ pulse 

energy, 5 Hz repetition rate, 30sec exposure time  and 5% concentration ratio of WC 

nanofluid   

 

 

 

 

3.3 The Summary 

    The results of perfect micro and nanoholes on materials are listed in 

Table(3.2), uasing laser energy of 600mJ, repetition rates of 5Hz and exposure 

time is (5,30)sec for silicon carbide and tungsten carbide nanoparticles 

respectively. The best holes had been obtained on titanium because of the 

physical and thermal properties in order of poor thermal conductivity 

(19W/mk), then appared on aluminium alloy best thermal  conductivity 

(239W/mk). As for copper, it is difficult to obtain nano and micro holes because 

of the excellent thermal conductivity of the metal (392W/mk).   

Hollow Hole φ 250 nm 

Hollow Hole φ 200 nm 
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Table(3.2): showing the uniform holes from the pulsed laser with the metal 

 

Material Type of 

nanoparticles 

Concentration 

of nanofluid 

Energy 

density(W/     

Hole diameter 

(Hollow 

diameter) 

Aluminum 

Alloy 

Silicon carbide 5% 6.6 x    320nm 

150nm 

70nm 

 55nm 

Tungsten 

carbide 

5% 6.6 x    322nm 

445nm 

Titanium Silicon carbide 5% 6.6 x    200nm 

400nm 

500nm 

600nm 

Tungsten 

carbide 

5% 6.6 x    700nm 

600nm 

400nm 

410nm 

Copper Silicon carbide 5% 6.6 x    200nm 

190nm 

180nm 

Tungsten 

carbide 

5% 6.6 x    200nm 

250nm 
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3.4 Conclusion  

        From the previous expremantial work for the investigated nano and micro 

holes, the following important conclusions must be mentioned. 

1- The nano and micro holes were produced in different materials at laser 

energy is 600mJ, repetition rate is 5Hz and exposure time is  (5, 30)sec for light 

concentration of silica carbide nanoparticles and tungsten carbide nanoparticles 

respectively. 

2- The high concentration of nanoparticles in nanofluid shows cracks, 

aggregation of nanoparticles, irregular holes on the target material. 

3- For (AA8009) Al alloy, the best holes has been obtianed with the laser 

energy of 600mJ, repition rate is 5Hz exposure time is 5sec  with using of light 

concentration of silica carbide nanoparticles only according to the properties of 

materials and caracteristics of nanopaticles.   

4- From the same laser parameters that laser energy of 600mJ, repition rate is 

5Hz exposure time is 5sec and light concentration fluid of silica carbide 

nanoparticles 5%, the accurate nano and micro holes on titanium material are 

achieved and also appeared in titanium material at the same parameters. With 

using of light concentration of tungsten carbide nanoparticles and exposure time 

is 30sec. 

5- The holes had been obtained on copper using a pulsed laser with 600mJ laser 

energy, 5Hz repition rate,  5sec exposure time and light concentration fluid 5% 

of silica carbide nanoparticles. 

3.5 Future work 

       For the future work, the following points may be taken in consideration: 
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1- Examining the effect of adding various nanoparticles to the nanofluid 

according to the target materials used and their applications. 

2-Utilizing different materials to study the effect of using this method to form 

micro and nano holes. 

3- Using different kinds of lasers to see the effect of each laser with its 

parameters on micro and nano drilling process. 

4- Trying to use automatic or computerized systems to control the nanofluid 

spraying method, increase its orientation to the target to ensure the arrangement 

and accuracy of the holes and prevent its scattering for safety and security. 

5- Using different laser parameters to study the effect on the material in vacuum 

and compared the result with using the same parameters to make these holes in 

air. 
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‏انخلاصت

 Q-switched Nd: YAGنٍزر  حفاػمت انًاٌكزوٌة وانُاَىٌة انثمىب انحصىل ػهى فً هذا انؼًم جى

طالات ت ٌةنٍزر اتانُاَىٌة. جى اصحخذاو َثض انجضًٍاتتاصحخذاو انًخحهفة انًؼادٌ َاَىيحز( يغ  1064)

هزجز(  06و  هزجز 5) يخحهفة جكزار ت( يههً جىل، ويؼذلا066،  066،  066يخحهفة )

 ٪(.5٪ و 56٪، 06انُاَىٌة ) ذلائكان كٍزيخحهفة يٍاوجز

 (AA8009)الأنىيٍُىو صثٍكة هً ٌدؼافً هذا انؼًم. هذِ انً ؼادٌجى اصحخذاو ثلاثة أَىاع يٍ انً

انُاَىٌة هً كزتٍذ  انجضًٍاتانُاَىٌة ، هذِ  انجضًٍاتوانحٍحاٍَىو وانُحاس. أٌضا ، جى اصحخذاو َىػٍٍ يٍ 

 .(WC) ضحٍجانحُ كزتٍذو (SiC)انضٍهٍكا

انُاَىٌة وولث  انجضًٍاتوَضثة جزكٍز  انهٍزر جى جحهٍم جأثٍزات طالة َثضة انهٍزر ويؼذل جكزار َثط 

 وحجى انثمىب. شكمانحؼزض ػهى 

كٍز انؼانٍة ايخحهفة. جضثثث انحز ؼادٌانُاَىٌة ػهى ي ذلائككٍز انًخحهفة نكم يٍ انزاًث دراصة َضة انحج 

جزاكًات َاَىٌة يثم جىنٍذ انشمىق و انًؼادٌ٪( فً إػالة ػًهٍة انحفز فً 06٪ و 56يٍ انًائغ انُاَىي )

 . ػهى صطح انًؼذٌ

ذلائك يٍ ان( ٪5 )يٍ خلال اصحخذاو جزكٍز يؼذٌنكم  ٌةانُاَى انًاٌكزوٌة و ثمىبانى انكشف ػٍ ج

انهٍزر  َثضة ، ظهزت انثمىب انًثانٍة ػُذيا جكىٌ طالة (AA8009انُاَىٌة. تانُضثة نضثائك الأنىيٍُىو )

انضٍهٍكا  اتكزتٍذ انذلائك انُاَىٌة يٍ كٍزاهزجز ، جز 5 َثط انهٍزر يههً جىل ، ويؼذل جكزار 066

. فً  5وولث انحؼزض  (٪5)انُاَىٌة  ٌٍ انحٍحاٍَىو، جى فحص انثمىب انًُحظًة أٌضًا فً َفش يؼذٌ ثىا

ٌٍ ن 5انُاَىٌة يغ ولث انحؼزض ذلائك كٍز نُىػٍٍ يٍ اناحزيؼايلات انهٍزر وَفش ان كزتٍذ  ذلائكثىا

انُحاس، ظهزت انثمىب انذلٍمة  يؼذٌكزتٍذ انحُجضحٍ انُاَىٌة. فً  ذلائكثاٍَة ن 06انضٍهٍكا انُاَىٌة ، و 

. 5انضٍهٍكا انُاَىٌة وولث انحؼزض  دلائك كزتٍذيٍ  (٪5)تُفش يؼاٌٍز انهٍزر تحزكٍز  ٌٍ  ثىا

 

‏


