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Abstract 

 

Laser welding was investigated as a potential joining technology for alumina ceramic substrates.  

The objective of this study was to develop a method to preheat the ceramic using a single 

defocused laser beam prior to welding. 

Engineering ceramics are employed in a variety of systems and environments due to their unique 

properties.  Joining technologies must be developed to facilitate the manufacture of complex or 

large ceramic components.  Laser welding is advantageous as it forms joints rapidly, and does 

not introduce intermediate materials to form the bond, which can have deleterious effects.   

The Laser Machining System (LMS) at Queen’s University was adapted for this study.  A 

defocused far-infrared (FIR) laser beam was positioned to overlay a focused near-infrared (NIR) 

laser beam; the defocused FIR beam preheated the ceramic substrate and the focused NIR beam 

formed the weld.  A finite element model was developed in COMSOL MultiPhysics to simulate 

the preheating processes and to develop a preheating protocol.  The protocol was implemented 

using the FIR beam and adjusted to achieve preheating temperatures of 1450, 1525, and 1600
o
C.  

Welds were performed on 1 mm thick alumina plates using the preheating protocols and NIR 

beam powers of 25, 50, and 75 W.  Weld speed was held constant throughout the study at 

0.5 mm/s. 

The preheating protocols were successful at achieving near-constant preheating temperatures, 

with standard deviations below 32 degrees.   Partially penetrating welds were formed with the 

NIR beam at 25 W, and fully penetrating welds at 50 and 75 W.  Large pores were present in the 

25 W and 50 W welds.  Minimal porosity was observed in the welds formed at 75 W.  All of the 
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welded plates experienced a transverse fracture that extended perpendicular to weld, and a 

longitudinal fracture extending parallel to the weld.   

This study shows that a fixed defocused laser beam can successfully preheat alumina substrates 

to the high temperatures required for welding; however, non-homogenous cooling results in 

fracture.  Increasing the preheating beam diameter or introducing an auxiliary means to provide a 

controlled cool-down cycle may mitigate these effects. 
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1. Chapter 1: Introduction 

Engineering ceramics have unique properties that make them attractive materials for use in a 

variety of applications.  Ceramics can have high hardness, high maximum-use temperatures, and 

can be excellent thermal and electrical insulators.   These unique properties allow ceramics to be 

utilized in a variety of industrial sectors including the electronics, chemical processing, 

manufacturing, automotive, aerospace, and nuclear industries.  Ceramic joining technologies 

must be developed to expand the range of ceramic applications and to allow the full potential of 

engineering ceramics to be realized.    

1.1. Forming Ceramics 

Ceramics are made by sintering of a green body which can be formed through a variety of 

methods including slip casting, extruding, pressing, tape forming or injection molding a ceramic 

slurry or flow-able powder into the desired geometry.  The green body is dried and then sintered 

at high temperature, forming a dense body.  The sintering mechanism is driven by the reduction 

in surface free energy that is realized by transforming the solid-vapor interfaces between 

particles to solid-solid interfaces [1, p. 471].   The sintering process can result in up to 40 vol% 

shrinkage of the part due to consolidation of the ceramic particles and the closing of pores 

[1, p. 14].  Subsequently, post machining of the fired part is required to achieve precise 

dimensions.  Machining typically consists of diamond grinding due to the high hardness of 

sintered ceramics.   

Joining of ceramic bodies is necessary when precise complex geometries are required that are not 

conducive to grinding; the part can be fabricated by joining two or more geometries that can be 

precisely ground, or when the part is too large to feasibly be formed as one piece.  It is necessary 
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to develop joining technologies to enable the fabrication of such designs.  Current methods for 

ceramic-ceramic joining include mechanical attachment [2], liquid phase bonding of interlayers 

[2], adhesives [2], solid state diffusion bonding [3, 4], superplastic joining [5, 6], and laser 

welding [7, 8].   

Mechanical attachment can be achieved by bolting components together and creating mating 

geometries.  Forming threads on ceramic components is possible; however, they are difficult to 

achieve due to the complex grinding requirements of fired parts.  Fernie et al [2] also explain that 

the inherent ridges of threads are conducive to concentrating stresses, an undesirable effect when 

designing ceramic components.  

Bonding can be achieved by melting of an interlayer of glass, solder, or braze material.  Melting 

a glass interlayer is practiced with silicon nitride ceramics, where the glass and ceramic form a 

direct bond [2].  Soldering and brazing, however, involve metallizing the ceramic components to 

create a metallic layer that the solder/braze adheres to [2].  Polymer-based adhesives may also be 

used in low-temperature applications, and are low in cost [2]. 

Solid state diffusion bonding can be performed with or without an interlayer; the interlayer may 

be ceramic or metal [2]. Both cases involve heating the components to elevated temperatures 

with contact pressure to promote atomic diffusion across the joint [2]; the materials are never 

melted.  When metal interlayers are used, bonding temperatures as high as 94% of the metal 

melting temperature have been reported [4].  If a ceramic interlayer, or no interlayer, is used, the 

bonding temperature increases to 50-80% of the melting temperature of the base ceramic [3, 9]. 

Furnaces are typically employed for heating, however microwave energy has also been 

used [10].  The process may be carried out in a vacuum, inert gas, or air environment depending 
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on the material [3]. Extensive surface preparation of joining surfaces is required to minimize 

surface roughness in the absence of an interlayer [2, 3].  Successful high strength joints have 

been made with unpolished surfaces through the use of a ceramic slurry interlayer [9].  

Superplastic joining is achieved with ceramics by grain boundary sliding (GBS) [6], a 

phenomenon that is made possible at high temperature and contact pressure. The GBS 

mechanism involves the relative rotation of grains, which allows for grains from two adjoining 

surfaces to mix and form a joint when high pressure is applied [6].  The process is performed at 

lower temperatures than solid state diffusion and can be performed with or without an 

interlayer [5].  

Laser welding is a fusion bonding process that is commercially practiced with metals and has 

been adapted for ceramics [11, p. 433].  A focused laser beam locally melts the ceramic at the 

joint interface allowing the liquid phases to mix and form a continuous joint upon cooling.  Their 

brittle nature requires the ceramics to be preheated prior to welding to prevent cracking from 

thermal stresses induced by the high temperature gradients near the weld [12].  The process has 

proven to be successful in butt welding alumina plates and tubes [7, 8, 12, 13, 14, 15, 16, 17]. 

When selecting a joining method, it is necessary to consider the application of the ceramic 

component and any changes to mechanical properties that the joining technology may introduce.  

The high melting temperatures of ceramics makes them well suited for high temperature 

environments.  At elevated temperatures, it is necessary to consider the coefficient of thermal 

expansion (CTE) of the joined components and any interlayer that is used, and their respective 

melting temperatures.   When designed correctly, ductile interlayers can relieve residual stresses 

formed during heating of joined components with mismatched CTE’s [2, 3].  When components 
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of the same material are joined, however, the difference in CTEs between the interlayer and the 

base material can be deleterious.  The melting temperatures of interlayers can also limit the 

maximum use temperature of joined pieces; the majority of commercially available braze alloys 

have melting temperatures below 1000
o
C, a large reduction to the maximum use temperature of 

1600
o
C of alumina, for example [18].  The chemical composition of the joining material must 

also be considered with respect to the end-use environment to ensure chemical compatibility.   

The physical requirements of the joining process must also be considered.  Solid state diffusion 

bonding offers many advantages when an interlayer is not used; there are no concerns for 

chemical compatibility, CTE effects, and maximum use temperature of a joining material.  A 

diffusion bond, however, requires elevated temperatures, pressure, and significant time to form 

(hours) [3].  This often requires the use of a furnace and vacuum environment, which introduces 

a size constraint to the ceramic components being joined [3].  Superplastic joining also takes 

considerable time; Goretta et al reported that alumina/zirconia specimens were joined at 1350
o
C 

in approximately 2 hours [19].  The physical limitations and operational costs of these processes 

must be considered.   

Laser welding has similar desirable qualities since an additive material is not required; however, 

laser welding of ceramics has also been proven successful without the need of a 

furnace [8, 13, 15, 16, 17].  This allows for laser-welded joints to be formed on large components 

- an application where diffusion bonding may not be feasible.  Moreover, laser welding occurs at 

a much faster rate than diffusion bonding (minutes versus hours).  These potential benefits are 

the driving force for investigating laser welding as a technology for ceramic-ceramic joining.   
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1.2. Laser Welding 

Laser welding began seeing industrial practice in the 1970’s in the automotive 

industry [11, p. 24].  A weld is made through one of two modes: conduction welding or keyhole 

welding.  Conduction welding does not vaporize material; the power density of the focused beam 

is sufficient for melting but is not high enough for vaporization.  The resulting surface melt 

forms the weld bead with the dimensions dictated by thermal conduction [20, p. 203].  Keyhole 

welding is analogous to electron beam welding; both methods utilize the formation of a keyhole, 

a vapour column that extends through the thickness of the sample that traverses the joint to form 

a weld.  Electron beam welding, however, requires a vacuum environment while laser welding is 

performed in open atmosphere [11, p. 401].  A variety of weld joints are possible, with the most 

common being the square butt joint, seen in Figure 1.   

 
Figure 1: Square butt joint, with weld bead shown in grey. 

Generation of the keyhole requires sufficient power density to cause the material to vaporize, 

with a magnitude of approximately 10
4
 W/mm

2 
[11, p. 396].   Molten material melts at the 

leading edge of the keyhole and solidifies at the trailing edge.   The vapour column is maintained 

through a balance of hydrostatic and vapour pressures, and the diameter is approximately equal 
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to the beam diameter [11, p. 397].  Figure 2 shows a schematic of the keyhole, with the laser 

beam shown in red and the melt pool shown in blue for clarity.   

 
Figure 2: Keyhole schematic [11, p. 397]. 

A number of parameters must be considered in order for laser welding to be successful, 

including: processing speed, absorption of laser light into the material, the laser’s spatial and 

temporal modes, and the geometric complexity of the welded joint.    

The speed at which the laser traverses the part must allow for the keyhole to remain stable.  A 

high processing speed is one of the main benefits of laser welding.  However, there are limits - 

high speeds can induce coarse porosity from keyhole instability [11, p. 419].  Speed also affects 

Direction of Motion 

Vapour Column 

Weld Bead 

Unwelded Seam 

Laser Beam 

Melt Pool 
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the bead shape; high speeds can cause material to solidify in a central ridge due to rapid 

solidification, whereas low speeds can result in excessive melting, causing the bead to 

sag [20, p. 216]. 

The interaction between the laser’s wavelength and the material also affects keyhole generation.  

The incident power, the power of the beam at the material surface, may be different from the 

power absorbed by the material; this affects the generation of the keyhole.  Once the keyhole is 

established, however, multiple internal reflections of the beam allow for the majority of the beam 

to be absorbed, and the material coupling with the wavelength is less important [20, p. 203].    

However, the plasma plume that is formed from ionized vapour has greater absorption of longer 

wavelengths, hence shorter wavelength laser beams such as those from neodymium-doped 

yttrium aluminum garnet (Nd:YAG) are less affected by plasma absorption [20, p. 216]. 

The spatial and temporal modes of the laser beam must also be considered.  Beams with a central 

peak intensity, such as a Gaussian beam, are most appropriate as these modes offer high power 

densities at the beam centre which is conducive to forming the keyhole [11, p. 404].    The higher 

power densities attainable with a pulsed beam can be beneficial when welding highly reflective 

material, and can deepen the penetration of the keyhole in thicker samples [20 p. 212].  Stitch 

and spot welds can also be achieved with a pulsed beam [11, p. 404]. 

The complexity of the weld seam must also be considered with regards to available beam 

delivery options for the laser’s wavelength.  The majority of industrial lasers used for welding 

are carbon dioxide (CO2) and Nd:YAG, operating at 10.6 and 1.06 µm, respectively.  Fibre optic 

delivery is possible with the near infrared (NIR) wavelength of the Nd:YAG laser, making 

complex weld geometries possible by mounting the focusing optics on a robotic arm [11, p. 92].  
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This delivery method, however, is not compatible with the far infrared (FIR) wavelength of CO2 

lasers, thus the CO2 laser is limited to simpler weld geometries.   

Numerous types of metals and plastics are laser welded in industrial applications.  Ceramics have 

been successfully joined through laser welding; however, the technology has yet to reach 

commercial application.  The following literature review will examine the state-of-the-art of 

laser welding of ceramics.  

1.3. Literature Review 

Research on laser welding of ceramics began in the 1980’s [12].  Investigations have included 

welding zirconia [21] and high temperature super conducting ceramics [22], but have been 

predominately focused on alumina [7, 8, 12, 13, 14, 15, 16, 17, 23].  Alumina, Al2O3, is a low-

cost material that is characterized by having high hardness, strength, and chemical resistance.  It 

is electrically insulating, biocompatible, and has a low thermal conductivity.  These physical 

characteristics allow it to be used in a variety of applications, from electronic substrates to 

chemical processing equipment.  In addition, alumina has a stable liquid phase, with a melting 

temperature of 2054
o
C and vaporization temperature of 3530

o
C [24, p. 13], making it a strong 

candidate for welding. 

1.3.1. Preheating 

It has been established that preheating alumina prior to welding is necessary to prevent crack 

formation caused by the thermal expansion that is experienced during the welding 

process [7, 12].   
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1.3.1.1. Preheating Methods 

A variety of preheating methods have been employed to alleviate thermal stresses during 

welding.   Electric and gas furnaces have been used to provide homogeneous heating of alumina 

plates before welding [7, 12].  These furnaces were provided with openings for the laser beam to 

enter.  Halogen lamps have also been employed to preheat alumina tubes prior to 

welding [15, 17].  In a study conducted by De Paris, two 1000 W bulbs were held in parabolic 

dishes with polished aluminum surfaces, oriented with the focal point coincident with the weld 

joint.  The two lamps were able to raise the temperature of alumina tubes with a 1.5 mm wall 

thickness to 1500
o
C with the aid of graphite sleeves surrounding portions of the tubes [17].    

Lasers have also been used for preheating [8, 13, 16, 23].  Laser Assisted Machining is 

commercially practiced to soften hard materials during turning and milling operations, and thus it 

is appropriate for lasers to also be used to preheat ceramic prior to welding.   Successful welds 

were made by using defocused 400 [13] and 600 W [8] CO2 lasers for preheating alumina plates.  

The laser beam was directed to the alumina workpiece with scanning mirrors, allowing the beam 

to traverse the alumina plates and preheat a large area.  A focused CO2 beam that is fixed in 

space relative to the welding beam has also been used [23].  In this study, a single 500 W laser 

source was split to create the individual preheating and welding beams.  The addition of the 

preheating beam reduced the number and severity of cracks formed during the welding process. 

1.3.1.2. Preheating Temperature 

An appropriate preheating temperature has not been universally recognized, which may be due to 

the limited number of studies on laser welding of alumina, the variability in sample thicknesses, 

surface finishes, and the purity of alumina being used.  Reinecke et al. reported a minimum 
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preheating temperature of 1500
o
C to achieve crack-free joints in alumina with 96% purity.  They 

also found that preheating to 1600
o
C gave minimum porosity [8].  Exner et al. reported a 

minimum preheating temperature of 1600
o
C was required to weld 97% alumina [13].  

Maruo et al. found that transverse cracks were prevented with preheating temperatures of 1200
o
C 

in 95% alumina, and 1400
o
C in 99.5% alumina, and that longitudinal cracks were prevented at 

200
o
C above these temperatures [12].  De Paris reported that a necessary preheating temperature 

of 1500
o
C was required for their studies using alumina of 99.5% purity [17].  Tomie et al. 

reported that a minimum preheating temperature of 1300K (1027
o
C) was required to achieve 

crack-free welds with alumina of 87% purity [7].  

1.3.1.3. Preheating and Cooling Rate 

Rapid heating and cooling of a ceramic body can cause temperature gradients through the 

thickness of the part that result in stresses from thermal expansion.  If these stresses exceed the 

strength of the material and cause failure, the ceramic has experienced thermal shock
*
 [25].  

During heating the outer layers of the ceramic are at a higher temperature than the inner layers.  

With the inner layers constraining the outer layers, the ceramic surface experiences compression.   

During cooling the opposite occurs: the outer layers are at a lower temperature than the inner 

layers and experience a state of tension.  The temperature distribution during cooling has a 

higher probability of causing fracture than during heating, as the tensile strengths of ceramics are 

typically significantly lower than the compressive strengths – for example, the compressive and 

tensile strengths of 96% alumina are 2 068 MPa and 221 MPa, respectively [18].   

                                                 
*
 Thermal shock resistance is a quantitative material property that is associated with rapid temperature change, and 

is expressed as the maximum initial temperature differential that a body can experience with its environment [25]. 
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Heating rates have not been thoroughly reported in the literature, which may be due to the high 

compressive strengths of ceramics which allows them to be heated rapidly.  When heating with a 

scanning defocused CO2 beam, Reinecke et al. stated that heating at 20 to 30 K/s could be used 

up to 1400
o
C; however, a rate for achieving 1600

o
C was not reported [8].    

Ceramics are more susceptible to thermal shock during cooling; thus, a suitable cooling rate is 

important for achieving a successful weld.  Currently, the cooling rates are under-reported in the 

literature.  Reinecke et al. stated that uncontrolled cooling in air was acceptable with preheating 

temperatures of 1500
o
C and below, and controlled cooling was required above 1600

o
C; however, 

a rate was not reported [8].  Tomie et al. utilized controlled cooling in an electric furnace to bring 

their alumina sample from 1300K to room temperature in one hour.  The sample was also held at 

1300K for one hour before cooling [7].  De Paris et al. reported using a cooling rate of 

120
o
C/min from 1500

o
C to 400

o
C after welding alumina tubes of 99.5% purity [17].  

Riviere et al. reported using a cooling rate of 800
o
C/min when using an Nd:YAG laser for 

heating and cooling, and 125
o
C/mín when using halogen lamps [16]. 

1.3.1.4. Temperature Gradients 

Much like heating and cooling rates, the maximum temperature gradient along the sample 

surface is under-reported in the literature.  Reinecke et al. and Exner et al. are the only studies to 

report a maximum temperature gradient perpendicular to the weld seam to maintain crack-free 

joints.  They found that a maximum temperature gradient of 70 000 K/m was permissible [8, 13].   

1.3.2. Laser Parameters 

The operating parameters of the laser such as wavelength, temporal mode, focal plane location, 

beam power and weld speed all have an effect on the welding process.  Most of these parameters 
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can be tested independently of one another; however, power and welding speed must be 

considered together. 

Reinecke et al. compared welding with pulsed and continuous Nd:YAG lasers.  They found that 

welding in continuous mode resulted in less porosity and a more homogenous grain structure 

then with a pulsed mode.  The joint strength was also improved, achieving 85% relative strength 

in continuous mode versus 38% relative strength with a pulsed mode [8]. 

The focal plane location of the welding beam also affects weld quality.  Positioning the focal 

plane on the surface of the part results in the highest power density; this is most conducive to 

vaporizing material to form a keyhole.  Reinecke et al. recommended positioning the focal plane 

on the surface of the part; lowering the focal plane into the part increased porosity while raising 

the focal plane above the part decreased bead penetration [8].  De Paris also showed that bead 

penetration decreased and bead width increased as the focal plane was raised above the part, a 

trend also reported by Maruo et al. [12, 17].   Harris et al. positioned the focal plane of their CO2 

welding beam 0.508 mm above the part in order to slightly decrease the power density [23]. 

The power of the welding beam and the welding speed must be considered concurrently.  Line 

Energy is defined as the ratio of beam power over the welding speed; it quantifies the amount of 

energy per unit length delivered by the laser.  Reinecke et al. investigated the effect of scan 

speed for constant line energy in laser welding of alumina.  Welds were formed using three 

welding speeds using laser powers that kept line energy constant.  The results showed that 

keeping line energy constant did not produce similar grain structures in the weld bead; large 

grains were associated with fast welding speeds and high powers and long columnar grains with 
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lower speeds and powers.  An optimum speed was found at 0.5 mm/s with a laser power of 

50 W [8].   

1.3.3. Filler Material 

All of the studies have involved fusion welding with the exception of Maruo et al who 

investigated the use of filler material when laser welding alumina and zirconia.  Their study 

involved the use of alumina powder and alumina rod as filler, and found that the filler material 

increased joint strength by reducing porosity and allowing for overfilling of the joint.  Joint 

strengths comparable to the nominal strength of the base material were realized [14]. 
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1.3.4. Summary 

Table 1 provides a summary of the literature on the laser welding of ceramics.  

Table 1: Summary of laser welding of ceramic studies. 

Author 

[Source] 
Year Material 

Material 

Thickness 

(mm) 

Preheating 

Method 

Preheating 

Temperature 

(
o
C) 

Welding 

Laser 

Type 

Welding 

Laser 

Mode 

Maruo et 

al. [12] 
1982 

Alumina (48, 55, 

59, 91, 95, 

99.5 wt%) 

4 
Electric 

Furnace 
1000 - 1600 CO2 - 

Maruo et 

al. [14] 
1982 

Alumina (48, 

59 wt%) 
4.5 

Electric 

Furnace 
1000 CO2 - 

Maruo et 

al. [21] 
1986 Zirconia 1.2 – 1.5 

Electric 

Furnace 
1500 CO2 - 

de Paris et 

al. [15] 
1991 

Alumina 

(60 wt%) 
1.5 

Halogen 

Lamps -  
CO2 - 

Riviere et 

al. [16] 
1994 

Alumina 

(60 wt%) 
1.5 Nd:YAG - Nd:YAG Pulsed 

Tomie et 

al. [7] 
1995 

Alumina 

(87 wt%) 
4, 20 Gas Furnace 

1300 K 

(1027
o
C) 

CO2 - 

Exner et al. 

[13] 
1999 

Alumina 

(97 wt%) 
1 

Defocused 

Scanning 

CO2 Laser 

1600 Nd:YAG Continuous 

Reinecke et 

al. [8] 
2001 

Alumina 

(96 wt%) 
0.7-1.2 

Defocused 

Scanning 

CO2 Laser 

1500+ Nd:YAG 
Continuous, 

Pulsed 

Mikhailova 

et al. [22] 
2004 

Bi(2223) 

Superconducting 

Ceramic 

2.5 - - CO2 Continuous 

de Paris 

[17] 
2007 

Alumina 

(99.5 wt%) 
1.5 

Halogen 

Lamps 
1500 CO2 - 

Harris [23] 2011 
Alumina 

(96 wt%) 
1 

Focused 

Pulsed CO2 
- CO2 Pulsed 
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1.4. Problem Identification 

The process of laser welding of ceramics can be divided into three sub-processes: preheating, 

welding, and cooling.  Each process has its own set of variables (Figure 3).  

 
Figure 3: Laser welding process chart. 

The requirement of preheating ceramic prior to welding adds complexity to the typical laser 

welding process as it introduces the need for additional equipment, and variables such as heating 

and cooling rates, preheating temperatures, and temperature gradients if a non-homogeneous 

temperature distribution is employed.   

Utilizing a defocused scanning laser beam for preheating was proven to be successful, 

facilitating the welding of joints of various geometries in alumina [8].  The use of a focused CO2 

beam for preheating also showed improvements on weld quality [23].   Using a fixed laser beam 
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Method 
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Temperature Gradients 

Heating Rate 

Welding 

Laser Wavelength 

Laser Operating Mode 
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for preheating has advantages over a scanning beam – the costly scanning optics and control 

system are eliminated along with associated variables such as scan speed and scan path 

geometry.  Furthermore, the integration of the scanning system with other control systems is not 

needed.  Using a defocused beam for preheating compared to a focused beam should result in 

lower temperature gradients, therefore reducing the possibility for the ceramic to fail from 

thermal stresses.  Therefore, this study investigated the welding of ceramics using a fixed 

defocused CO2 laser beam as a preheating method.  

1.5. Research Objectives and Methodology 

The objective of this study was to investigate the use of a fixed defocused CO2 laser beam for 

preheating an alumina ceramic substrate prior to welding with a second laser beam.  The study 

consisted of three phases: COMSOL Preheating Simulations, Preheating Trials, and Welding 

Trials.  Development and implementation of a protocol for controlling the cooling rate was 

deemed out of scope for this study due to time constraints. 

COMSOL Multiphysics was used to model the CO2 preheating beam and simulate preheating of 

the ceramic plates.  The power density profile used for the CO2 beam was experimentally 

determined using the pinhole technique.  COMSOL aided in determining the location of the 

maximum preheating temperature relative to the centre of the preheating beam, which helped to 

select a suitable location for the welding beam.  COMSOL simulations also showed that a near-

constant preheating temperature could be maintained throughout the process by varying the CO2 

laser power during the preheating scan.   

The Preheating Trials phase consisted of development of three power stepping protocols to 

experimentally achieve constant preheating temperatures across a 25 mm wide ceramic strip.  

The trials did not include the welding laser beam, but rather consisted of preheating with the 
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defocused CO2 laser beam at a speed of 0.5 mm/s.  Temperature measurements were made using 

an infrared pyrometer at the chosen location for the welding beam.  The outcome of the 

Preheating Trials was three power stepping protocols for the CO2 laser that achieved three 

different preheating temperatures. 

The Welding Trials phase consisted of preheating the ceramic using the protocols developed in 

the Preheating Trials, while concurrently welding the ceramic with an Nd:YAG laser.  Welds 

were performed with three different welding beam powers using each of the three preheating 

protocols, producing nine unique parameter combinations.  Welded specimens were observed 

optically for fractures and porosity.   

A flow chart in Figure 4 summarizes the sequence of activities in the study.   

 
Figure 4: Flowchart summarizing the three phases of this study: Preheating Simulations, 

Preheating Trials, and Welding Trials. 

1 COMSOL 

• PREHEATING SIMULATIONS 

• Determined location of welding beam 

• Power stepping protocol development 

2 Preheating 

• PREHEATING TRIALS 

• Experimental development and implementation of power stepping 
protocols for three preheating temperatures 

3 Welding 

• WELDING TRIALS 

• Welding using preheating from (2) with three welding beam powers 

4 Cooling 

• WELDING WITH CONTROLLED COOLING 

• Deemed out of scope for this study due to time constraints 
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1.6. Thesis Outline 

Chapter 2 describes the design, integration, and operation of the laser apparatus used for this 

study, and its subsystems.   Chapter 3 outlines the experimental set-up for the preheating and 

welding trials, beam profiling procedures, and method for temperature measuring.  Chapter 4 

presents the development of the Finite Element Model in COMSOL Multiphysics and the results 

of preheating simulations.  Chapter 5 outlines the results of the implementation of the preheating 

strategies developed with the Finite Element Model, experimental development and results of 

three preheating protocols, and results for welds made with those protocols.  Chapter 6 provides 

a summary of the conclusions drawn from this study and offers recommendations for future 

work. 
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2. Chapter 2: Laser Machining System 

2.1. Background 

The Laser Ceramic Machining (LCM) lab was opened in 2004 to investigate laser machining of 

advanced ceramic materials.  The high hardness of ceramics makes conventional machining 

difficult as it involves grinding using diamond abrasives.  Laser machining is attractive because 

it is a non-contact process; there is no tool wear and machining can take place at high speeds.   

A Laser Machining System was designed and built to investigate laser machining of ceramics.  

The system was designed to accommodate a wide range of process variables by combining three 

different lasers with complex beam delivery and motion systems.  The LMS was designed and 

integrated at Queen’s University by Dr. Mingliang Chen (system design), Todd Gilbert (MASc 

student, mechanical system integration), and Yosuf Ahmed (research engineer, electrical 

integration and software development), under the supervision of Dr. Gene Zak and Dr. Vladimir 

Krstic.  An image of the original LMS can be seen in Figure 5. 
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Figure 5: Laser ceramic machining lab, circa 2004 [26].  

The lasers in the LMS included a 250W CO2 laser (Coherent K250), 100W Nd:YAG laser (Lee 

LDP-100MQ), and 7W UV laser (Coherent AVIA 355-7000) operating at 10.6  µm, 1.064  µm, 

and 355 nm, respectively.   Laser absorption by a material is wavelength dependant; the different 

wavelengths of these lasers allowed for a variety of materials to be processed.  Complex 

manipulation of the workpiece position was achieved with a six-axis motion system (Parker).  

Additionally, the UV and Nd:YAG lasers were each outfitted with two-axis scan heads (Nutfield 

RazorHead, 10 and 15) for beam positioning, allowing for scanning speeds of up to 

5000 mm/s [26].  Auxiliary components included: a Linear Variable Displacement Transducer 

Laser Heads 

Motion System 

Controller 

Laser Controllers 
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(LVDT) for precisely locating the workpiece surface, and three pneumatic stages on which the 

CO2 optics and LVDT sensor were mounted.  A controller (DeltaTau TurboPMAC2) integrated 

the systems and custom software was developed to interface with an operator. 

After integration, the LMS experienced a period of non-use.  The motion system was removed 

from the LCM lab and stored.  The controller was removed from the host computer and the 

electrical integration of the system was disassembled.  At the beginning of this study in 

September 2010, the only functioning systems of the LMS were the UV laser and its scanning 

head. 

2.2. System Design Modifications 

Many of the systems of the LMS were re-integrated with modifications to the original design in 

order to meet the system requirements for this study.  This section describes the steps taken for 

the re-integration, with details on each sub-system and their modifications given in sections 2.3 

to 2.5.  Figure 6 shows a schematic of the new LMS design and Figure 7 shows an image of the 

motion system and focusing optics.  

This study required the use of both the Nd:YAG and CO2 lasers, with their respective beams 

located adjacent to each other such that the beam spots could overlap on the workpiece.  

Furthermore, it was also necessary to adjust the working distance and angle of the CO2 laser’s 

focusing lens relative to the Nd:YAG laser’s lens.  Linear motion was required to move the 

ceramic under the lasers during the welding operation.  Automated control of the laser power, 

laser firing, and positioning of the ceramic were also required for precise control and 

repeatability of the welding operation. 



22 

 

A cooling water supply was required for the CO2 laser.  Temperature control of the water was 

needed to prevent condensation from forming on the laser's optics; this can lead to potential 

damage.  The temperature of the facility water in the LCM lab was below the minimum 

requirements, therefor the cooling system for the UV laser was modified to also accommodate 

the CO2 laser system. 

A custom pivoting mount was designed and fabricated to hold the CO2 laser’s focusing lens.  

The pivoting mount allowed for the angle of the CO2 beam with the workpiece to be varied 

without requiring realignment of the beam path.  The functionality of this pivoting mount is 

described in 2.4.2. 

The beam path of the Nd:YAG laser was re-routed away from the scanning head to a new 

focusing lens.  The CO2 and Nd:YAG focusing lenses were mounted on adjacent pneumatic 

stages to allow for relative adjustment of their focal plane positions and overlapping of the 

beams on the workpiece surface.  

The X-Y linear stages of the motion system were re-installed; the three rotational stages were not 

re-integrated as they were not required for this study.  A custom build platform was fabricated 

and installed in place of the rotational stages. The platform includes provisions for mounting of 

fixtures, as seen in Section 8.2 of the appendix. 

The Delta Tau (DT) controller and its auxiliary breakout boards were integrated with a personal 

computer and wired to the linear stages, and the motors for each stage were tuned.  The digital 

outputs of the controller were set up to control laser firing.  To achieve this, a digital output 

interface board (see appendix Section 8.3 for schematic) was fabricated and integrated with a 

multi-channel relay board that connected to inputs on the CO2 and Nd:YAG laser controllers.  
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Control of the CO2 laser’s power was achieved by connecting an analog voltage output (0-10 V) 

from the DT controller to the CO2 controller.  An electrical switch board was fabricated for 

manual control of the pneumatic stages (see appendix Section 8.3 for schematic).   

 
Figure 6: Schematic of current LMS set-up. 
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Figure 7: Motion system and focusing optics on laser apparatus. 

2.3. Linear Motion System 

The motion system consists of x-y-z stages from Parker Hannifin Corporation.  The x and y 

stages are equipped with linear servo motors and 0.5 µm resolution linear encoders, with travels 
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of 350 mm and 250 mm respectively.  The x-stage is attached to the optical support table of the 

LMS apparatus and the y-stage is mounted to the x-stage.  The custom build platform is mounted 

to the y-stage.  The build platform provides a working surface at the same height as that of the 

rotational stages, allowing for substitution while maintaining a consistent working surface 

location relative to the focusing optics. 

The z-stage has 300 mm of travel and consists of a ball-screw driven by a rotational servo motor, 

with a 1 µm resolution linear encoder.  The z-stage is mounted to two vertical aluminum 

supports that are attached to the optical support table.  The stage carries the three pneumatic 

stages with the focusing optics.   

2.4. CO2 Laser 

Carbon dioxide lasers utilize a gaseous mixture of helium, nitrogen, and carbon dioxide as the 

gain medium to achieve an output beam operating at 10.6 µm [11, p. 74].  This wavelength is 

highly absorbed by a variety of materials, allowing CO2 lasers to be utilized for a variety of 

applications including engraving, cutting, and welding [11, p. 76].  The combination of 

versatility and low per-kW-cost allows CO2 lasers to be economically used in a variety of 

industrial applications.   

2.4.1. CO2 Laser Operation 

The Coherent Diamond K250 is a Radio Frequency (RF) excited, pulsed CO2 laser that can 

produce up to 250 W of average output power.  The RF excitation operates at 81 MHz.  The 

average output power is controlled by the Duty Cycle [27], where:  

             
           

            
       (1)  
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Pulse Width is defined as the length of time that the RF power is turned on, and Pulse Period is 

the elapsed time between the start of each pulse.  Pulse Period and Pulse Width can be manually 

set on the laser’s control unit.  Alternatively, the control unit can accept an analog signal that 

defines either the Pulse Period or Pulse Width, while the other is manually set.  This allows for 

the possibility of open-loop control of the CO2 laser power from one of the Delta Tau 

controller’s analog outputs, providing the functionality of computer control of the laser power 

during a motion program.  Figure 8 shows a schematic of the waveform and Figure 9 shows 

Average Power as a function of Pulse Period and Duty Cycle.   

 
Figure 8: CO2 laser pulse waveform schematic [27]. 
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Figure 9: Average output power of CO2 laser, as a function of Pulse Period and Duty Cycle [27]. 

Figure 10 shows the power versus time waveform of each pulse.  The pulses are trapezoidal in 

shape with a 60µs rise and fall time.  If the Pulse Width >> 60µs, the pulse shape can be 

considered to be square, and the Average Output Power (Pavg) can be calculated from the Peak 

Pulse Power (Ppeak) and the Duty Cycle through the following equation: 

                       (2) 
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Figure 10: CO2 pulse waveform with: Pulse Width = 200µs, Pulse Period = 500µs [27]. 

2.4.2. CO2 Beam Delivery 

The beam from the CO2 laser head is delivered to the workpiece through a circular polarizer, 

mirrors, and a focusing lens.  A circular polarizer is mounted on the outside of the laser head 

after the mechanical shutter.  By circularly polarizing the beam, absorption effects that are 

related to polarization direction are avoided.  The beam is then directed to the focusing lens via 

five mirrors.  The plano-convex focusing lens is 1” in diameter with a 2.5” (63.5 mm) focal 

length, and is mounted inside a Haas LTI PH-19 short body process head.  The process head 

allows for an assist gas to be directed coaxially to the laser beam, if desired.  Assist gases are 

used to protect the focusing optics from particulate such as smoke and debris that are formed 

during a cutting or welding operation.  

The process head is attached to a vertical pneumatic stage, which is attached to the main z-stage.  

The pneumatic stage has 78 mm of travel and is used to adjust the vertical positions of the CO2 
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and Nd:YAG focusing optics relative to each other.  In order to have the CO2 and Nd:YAG 

beams overlap on the surface of the workpiece, the CO2 beam was angled.  This was 

accomplished with a custom pivoting mount.  The mount allows for the process head to pivot 

about the x-axis with a range of motion of 0-25
o
 relative to vertical; this allowed for the relative 

location of the CO2 and Nd:YAG beams to be varied on the top surface of the workpiece.  Figure 

11 shows the angled defocused CO2 beam overlapping with the focused Nd:YAG beam on the 

surface of the ceramic workpiece. 

    
 

Figure 11: Angled CO2 beam overlapping with Nd:YAG beam. 
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The pneumatic stages are attached to the z-stage.  In order to allow for the CO2 lens to be angled 

while not interfering with the movement of the z-stage, the CO2 process head was attached to 

two beam benders (mirrors) that were aligned with the axis of rotation.  Each beam bender 

contains a mirror that changes the laser beam direction by 90
o
.  One beam bender remains 

vertical and is attached to telescoping tubing, while the second beam bender turns with the 

process head.  The two beam benders are attached with a threaded tube that is co-axial with the 

axis of rotation, allowing for the angle of the CO2 beam to be adjusted without affecting the 

beam alignment.  Figure 12 illustrates this functionality. 

             
Figure 12: CO2 processing head and pivoting mount (a), beam and pivoting mount only (b). 

2.5. Nd:YAG Laser 

The near infrared laser in the LCM is an Nd:YAG laser (Lee Laser LDP-100MQ), operating at 
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(CW) or pulsed mode, allowing them to be used in a variety of applications from welding to 

drilling [11, p. 92].   

2.5.1. Nd:YAG Operation 

The Lee Laser LDP-100MQ is a 100W diode pumped solid state (DPSS) laser.  Solid state laser 

diodes are used to excite the neodymium ions that are suspended in a synthetic crystal YAG rod.  

A DPSS system has increased efficiency over a lamp-pumped system since the laser diodes are 

matched to an absorption band of the neodymium ions, whereas arc lamps emit a broad spectrum 

of light that is only partially absorbed [28].  

The LDP-100MQ is outfitted with a Q-switch such that a pulsed mode operation can be achieved 

if desired.  Q-switching involves the continual interruption of lasing within the laser’s resonator 

such that a high amount of energy is released when the interruption ceases [11, p. 62].  The high 

peak pulse powers that can be achieved from Q-switching are desirable for ablation of material 

in cutting and drilling applications.  

2.5.2. Nd:YAG Beam Delivery 

The beam delivery for the Nd:YAG laser consists of a variable beam expander, optical mirrors 

and a focusing lens.  The beam expander is mounted on the optical rail of the laser head, 

immediately following the output shutter.  The expansion ratio can be varied from two to eight 

times the incoming beam diameter.  A wider beam can be focused to a smaller spot size, 

resulting in an increased power density in the focal plane.  The beam expander is set to provide 

four times expansion for this study.  The beam is then directed to the focusing lens via three 

mirrors.  The focusing lens is mounted in a lens holder which is fixed to a vertical pneumatic 
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stage that is mounted to the z-stage of the motion system, as seen in Figure 12.  The plano-

convex focusing lens is made from fused-silica with a rated focal length of 143.2 mm.   
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3. Chapter 3: Laser Welding Experiments - Protocol Development 

3.1. Experimental Objectives and Outline 

The objective of the study was to investigate the use of a fixed defocused CO2 laser beam for 

preheating alumina prior to welding.  Figure 13 shows an illustration of the experimental set-up.  

The CO2 beam was defocused to a working distance that provided a large beam diameter on the 

surface of the ceramic for preheating while the focused Nd:YAG beam performed the weld.  The 

two beams were fixed in space, and the alumina plates traveled horizontally beneath the laser 

beams at a constant speed.  Beam offset is the distance between the centres of the CO2 and 

Nd:YAG beams, and processing speed is the speed of the beams relative to the alumina plates.   

 
Figure 13: Experimental set-up with arrow showing direction of sample motion (a); experimental 

sample showing definition of the process variables (b). 

(a) (b) 
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3.1.1. Identification of Variables 

The variables associated with this set-up were: processing speed, preheating temperature, CO2 

beam diameter, CO2 laser power, Nd:YAG focal plane location, Nd:YAG temporal mode, 

Nd:YAG laser power, and beam offset.  

Processing Speed 

Processing speed has an effect on heating rates, and power requirements for the preheating and 

welding lasers.  Furthermore, processing speed has an effect on the microstructure of the weld 

bead [8].   All of the welds in this study were performed at a constant speed of 0.5 mm/s.  This 

speed was found to be optimal by Reinecke et al [8], and, given the power capabilities of the 

LMS, was found to provide adequate sample heating.    

Preheating Temperature, CO2 Beam Diameter, and CO2 Laser Power 

The preheating temperature, diameter of the CO2 beam, and the CO2 laser’s power are all closely 

related and must be considered concurrently.  Increasing the beam diameter requires an increase 

in laser power to achieve a given preheating temperature.  Increasing the beam diameter also 

decreases the temperature gradients within the ceramic, which decreases thermal stresses.  Thus, 

the CO2 laser beam should be as large as is physically possible within the limits of the LMS.  

This physical system limit was defined as the maximum working distance that allowed for a 

preheating temperature of 1600
o
C – the preheating temperature that provided crack-free welded 

joints with minimum porosity according to Reinecke et al [8].  Preliminary tests showed that a 

working distance of 147 mm for the CO2 laser, corresponding to 25 mm of pneumatic stage 

retraction, met this criterion and was therefore used for this study. 
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Three preheating temperatures were used in the study: 1450
o
C, 1525

o
C, and 1600

o
C

†
.  The CO2 

laser power was varied to maintain these temperatures. A Finite Element Model (FEM), 

developed in COMSOL MultiPhysics, aided in determining the power stepping protocols 

required to maintain a constant preheating temperature. 

Nd:YAG Focal Plane Location and Operating Mode 

The focal plane of the Nd:YAG laser was co-planar with the top surface of the ceramic plates.  

This location has been found to minimize porosity [8].  The Nd:YAG laser was operated in a 

continuous mode rather than a pulsed mode.  A continuous beam has also been shown to create 

less porosity than a pulsed beam [8]. 

Nd:YAG Laser Power 

The power density of the welding beam had to be sufficient for keyhole generation.  Reinecke et 

al. identified 50 W of welding beam power to be optimal with a processing speed of 0.5 mm/s; 

however, a power density was not stated [8].  Welds were performed with Nd:YAG beam 

powers of 25, 50, and 75 W in this study. 

Beam Offset 

The Nd:YAG beam was located at the point where preheating temperature reached a maximum.  

This location was identified in the FEM and verified with the aid of the infrared pyrometer. 

Summary 

Table 2 provides a summary of the process variables. 

                                                 
†
 Temperatures were measured using an emissivity value of 0.5.  For more information on infrared temperature 

measuring and the effect of the emissivity value, see section 3.7. 
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Table 2: Summary of process variables. 

Variable Value 

Processing Speed 0.5 mm/s 

Preheating Temperature† 1450
o
C, 1525

o
C, 1600

o
C 

CO2 Beam Diameter Resulting Diameter at 147 mm Working Distance 

CO2 Laser Power Variable to Maintain Desired Preheating Temperature 

Nd:YAG Focal Plane 

Location 
Co-Planar with Top Surface of Ceramic Plate 

Nd:YAG Operating Mode Continuous Wave 

Nd:YAG Laser Power 25, 50, 75 W 

Beam Offset 
Determined from the Location of the Maximum Preheating 

Temperature 

 

3.2. Material Selection 

A 1 mm thick 96% alumina ceramic substrate from CoorsTek (ADS96R) was selected for this 

study.  This material and thickness are consistent with those used in previous studies [8, 23].  

The material is fabricated using a roll compaction method and is commercially available in plate 

thicknesses ranging from 0.010” (0.254 mm) to 0.120” (3.05 mm) [29].    CoorsTek currently 

uses 96% alumina in a variety of products including armor plating, mechanical seal components, 

and electronic substrates [30].   

3.3. Sample Preparation 

Alumina samples measuring 25×57×1 mm were prepared from 114×114×1 mm commercially 

available square plates.  The square plates were scribed with a Q-switched Nd:YAG laser and 
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singulated to create 26.5×57×1 mm rectangular strips.  All four edges were then ground to 

eliminate any surface cracks, reducing the strip dimensions to 25×56×1 mm.   

All grinding was performed on a CNC Rotary Table Surface Grinder (DCM USA).  The 

resulting surface roughness of the ground faces was measured to be 11 microinch using a 

profilometer (Hommel Tester T500) with a 5 µm radius stylus.  The surface roughness of the 

large faces of the plates was measured to be 31 microinch (≤ 35 microinch rated [31]).   

3.4. Sample Fixturing 

A custom fixture was developed to hold the ceramic samples during the welding operation.  The 

fixture was designed to allow for: repeatable locating of samples, repeatability of clamping 

pressure, ease of loading and unloading of samples, and line-of-sight access for a pyrometer to 

view the top and bottom surfaces of the sample near the weld seam.  The fixture was also 

designed to have the preheating and welding area exposed only to air in order to minimize heat 

transfer to the fixture. 

Figure 14 and Figure 15 show the final fixture design.  The fixture was constructed from 

aluminum components and steel fasteners.  Ceramic samples were placed on a 1mm thick 

alumina spacer that rested on Surface A (green).  The spacer reduced the rate of heat transfer to 

the fixture due to the low thermal conductivity of alumina. Surfaces B (blue) and C (red) located 

the sample in the x and y directions, respectively.  Ball-Nose Spring Plungers applied the 

clamping pressure.  The plungers contain a ball-bearing tip that is backed with a compression 

spring, and are rated to apply 2 lbs of force initially, and 4 lbs of force when fully compressed. 

The cutout in the bottom plate allows for line-of-site access to the bottom surface of the ceramic 

sample when the fixture is cantilevered over the edge of the build platform, if desired. 
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Figure 14: Exploded view of custom clamping fixture. 

 
Figure 15: Image of custom clamping fixture attached to the build platform. 

Surface C (Red) 

Alumina Sample (x2) 

Surface B (Blue) 

Surface A (Green) 

Alumina Spacer (x2) 

Ball-Nose Spring Plunger (x5) 
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3.5. Nd:YAG Focal Plane Determination 

The focal plane location of the Nd:YAG laser was determined by machining lines in a 25 mm 

wide alumina plate while varying the working distance of the focusing optic.  The alumina plate 

was held in a fixture, and shimmed to be level within .0005” at its corners.  Optimal machining 

occurs when the focal plane of the laser is co-planar with the surface of the part being machined; 

this allows for the highest power density to be achieved.  It is possible to determine the focal 

plane location of the laser by lowering the laser power until the minimum power density required 

for machining is only achieved in the focal plane.   

Three lines were machined at each z-location.  Initially, the z-stage was incremented in 0.25 mm 

steps over a 4 mm range, with a power level that allowed the mid-range z-locations to machine 

while the extremes of the range did not; this ensured that the focal plane was located within the 

range.  This process was repeated with subsequent lower powers and smaller ranges to further 

refine the focal plane location.  Finally, with a total range of 0.5 mm and z-step size of 0.1 mm, 

the power was reduced to a level that allowed only one of the z-locations within the range to 

machine a full line; this location was identified as the focal plane 

3.6. Beam Profiling 

The power intensity profiles of the CO2 and Nd:YAG beams were determined using pinhole and 

knife edge tests, respectively.  Profiling the beams allowed for their transverse mode shapes to be 

identified, and diameters to be calculated and reported. The CO2 beam profile was then used in 

the finite element model (see Chapter 4).  The CO2 beam was profiled at a working distance of 

147 mm, and the Nd:YAG beam was profiled in its focal plane. 
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The transverse electromagnetic mode (TEM) describes the intensity distribution within the beam 

spot.  Factors that affect the TEM include: cavity geometry, alignment of cavity optics, 

distribution of gain medium, and the use of apertures [11, p. 58].  A TEM00 mode represents a 

Gaussian intensity distribution with the peak intensity at the centre of the beam, shown in Figure 

16. 

 
Figure 16: Intensity distribution for a TEM00 (Gaussian) beam.   

3.6.1. CO2 Beam Profiling with Pinhole Method 

Pinhole profiling utilizes a fixture that contains a small hole of a known diameter, the pinhole, 

below which lies a power meter.  The pinhole is placed at various locations within the beam, 

allowing only the portion of the beam that passes through the pinhole to be measured.  The 

resulting power measurements can be converted to the normalized beam intensity through the 

following equation: 

        
       

     
 

 

   
 (3) 
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where I(x,y) is the average beam intensity over the pinhole area at location (x, y) (mm
-2

), P(x,y) 

is the power measured through the pinhole at location (x, y) (W), PT is the total power of the 

beam (W), and d is the pinhole diameter (mm).   

An illustration of the apparatus is shown in Figure 17.  

 
Figure 17: Schematic of pinhole testing apparatus [32]. 

The fixture shown in Figure 17 was mounted to the build platform with a 2.1 mm diameter 

pinhole and power meter (Coherent PowerMax PM10).  The fixture was positioned with the top 

surface of the pinhole component co-planar with the same location as the top surface of the 

ceramic plates during welding.  The CO2’s pneumatic stage was retracted 25 mm, the same 

CO2 Laser Beam 

Brass Nut 

Pinhole 

Nut 

Power Meter 
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retraction amount used in the preheating and welding trials, resulting in a working distance of 

147 mm. 

The pinhole was aligned with the centre of the beam with the aid of thermal imaging cards.  

Pinhole measurements were taken in the x and y directions, along the radial lines passing through 

the beam centre.  A spacing of 1.5 mm was used between measurement locations.  Five power 

measurements were taken and averaged at each pinhole location.  Figure 18 shows the resulting 

profiles for the x and y directions.  The profiles are representative of a Gaussian beam.  
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Figure 18: Normalized intensity profiles of defocused CO2 beam for a) X and b) Y directions. 

The absolute positions of the profiles shown in Figure 18 were plotted in MATLAB as a 

combined dataset and fitted to the local intensity function of a Gaussian laser beam [33] 

following the form: 

        
 

   
 
[  

(             )

  ]
 (4) 

a) 

b) 
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where I(x,y) is the intensity at location (x,y), a and b are the shifts required in the x and y 

directions, respectively, to centre the beam on (0, 0), and w is the 1/e
2
 beam radius, the radius at 

which the intensity has fallen to 13.5% of the peak intensity.  

The resulting fit of Equation 4 to the combined data set has an R
2
 value of 0.9713 with: 

w = 8.381 mm  

a = -16.25 mm 

b = 14.00 mm 

 

The dataset is shifted by (a, b), allowing the Gaussian function to be centred on (0, 0) with the 

final form: 

        
 

            
 
[  

(     )

           
]  

  
 (5) 

Figure 19 shows Equation 5 plotted with the combined dataset. 
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Figure 19: Normalized intensity profile of defocused CO2 beam. 

3.6.2. Nd:YAG Beam Profiling with Knife Edge Method 

The knife edge technique may be used when a beam is too small for profiling with the pinhole 

method.  The procedure involves incrementally moving a sharp edge to expose the laser beam to 

a power meter while recording the power reading at each location.  Differentiation of the 

recorded power readings with respect to location allows for a power intensity profile to be 

constructed.  The results are then normalized with respect to the total power of the beam.  

Equation 6 shows the calculation of the normalized power intensity, Ii, at location Xi, where PT 

represents the power of the fully exposed beam [32]. 
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 (6) 

Figure 20 shows a schematic of the knife edge apparatus.  The knife edge was constructed from 

½” thick aluminum plate with a 45
o
 bevel.  The thickness ensured that the laser did not 

significantly heat the part during the procedure.  The knife edge was fixed to the build platform 

so as to measure the beam profile at the same height as that used for the pinhole fixture (as 

described in 3.6.1), such that the knife edge was co-planar with the location of the top surface of 

the ceramic plates that were to be welded.  This ensured that the measured profile properly 

represented the beam that interacted with the ceramic plate during the welding process.  

 

 
Figure 20: Schematic of knife edge testing apparatus. 

Power Meter 

Knife Edge 

Nd:YAG Laser Beam 
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The Nd:YAG laser was profiled in its focal plane using a step size of 5 μm.  A method for 

reporting the diameter of the beam from a knife edge profile is called the 10/90 diameter [34], 

representing the distance between the knife edge locations corresponding with measured power 

readings of 10% and 90% of the fully exposed beam.  The 10/90 diameters in the x and y 

directions where calculated to be 40 μm and 38 μm, respectively.  Figure 21 shows the profiles 

and corresponding power measurements for the x and y directions, with the x-axis shifted to be 

centred on the respective 10/90 diameters.  The profiles show intensity fluctuations near the 

beam centre, indicative of the multi-modal operation of the Lee Laser LDP-100MQ. 
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Figure 21: Beam profile of focused Nd:YAG laser in the x and y directions. 

The power density, Ф, of the focused Nd:YAG beam can be approximated using the area of the 

focused beam Abeam, and beam power, P, using the equation: 

    
 

     
 (7)  

The power densities for various beam powers are tabulated in Table 3 using the average 10/90 

diameter of 39 μm to calculate the area of the beam. 
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Table 3: Power densities for focused Nd:YAG beam at various powers. 

P (W) Ф (W/mm
2
) 

25 2 x 10
4
 

50 4 x 10
4
 

75 6 x 10
4
 

100 8 x 10
4
 

 

3.7. Spectral Emissivity 

Spectral emissivity refers to the ability of a material to emit thermal radiation at a specific 

wavelength in comparison to a black body, a perfect emitter, at the same temperature.  Spectral 

emissivity is a value between 0 and 1 (1 being a perfect emitter), and is a function of the 

material’s composition, surface finish, and temperature [37, p. 720 - 724].  The emissivity at a 

wavelength of 1 µm for various purities of CoorsTek alumina is shown below in Figure 22. 
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Figure 22: Spectral emissivity at 1µm of CoorsTek alumina of various purities [35, p. 153]. 

A pyrometer is a non-contact temperature measurement tool that measures the thermal radiation 

emitted from a surface at a specific wavelength.  The pyrometer calculates a temperature based 

on the strength of the signal and an emissivity value that is specified by the user.  If the spectral 

emissivity of the material being measured is unknown at the pyrometer’s wavelength, it is 

common practice to record the temperature that is calculated using an emissivity value of 1.0, 

referred to as the brightness temperature [36, p. 341]. 

The emissivity for CoorsTek 96% alumina is 0.48 at 1526K (1253
o
C) [35, p. 153], the highest 

temperature with a recorded emissivity value for this material.    Thus, the emissivity value used 
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in this study was estimated to be 0.5.  Preheating temperatures were also recorded using 

emissivity values of 0.1 and 1.0 for reference.   

Figure 23 shows the calculated temperature as a function of the emissivity setting used by the 

pyrometer for the multiple temperatures.  To obtain the data points, a defocused CO2 beam was 

used to heat a piece of ADS96R alumina.  A pyrometer (MicroEpsilon CTLaserM1, 1µm 

measurement wavelength) measured the temperature of the sample using an emissivity value of 

1.0, and the CO2 laser power was adjusted until the desired brightness temperature was reached.  

With the temperature held constant, the emissivity value setting on the pyrometer was varied and 

the new calculated temperature was recorded.  The calculated temperature increases as the 

emissivity setting is decreased. 
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Figure 23: Calculated temperature as a function of emissivity setting for multiple brightness 

temperatures. 

The following example illustrates how the actual temperature can be calculated from recorded 

brightness temperatures.  This would be beneficial when the emissivity of a material experiences 

large changes with temperature; the pyrometer could record brightness temperatures and the 

actual temperatures could be post-processed from known emissivity values.  
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Example:  Determining Actual Temperature Corresponding to 1373 K Brightness Temperature 

The dataset of Figure 23 was used to generate a function that described the calculated 

temperature, Tc, in-terms of the brightness temperature, Tb, and the emissivity value used by the 

pyrometer, ε.  MATLAB was used to fit a function to the dataset of the form: 

       
(

 

  
  )

 (8) 

The resulting fit had an R
2
 value of 0.9997 with: 

a = 142.5 

b = -0.2069 

 This function allows for a calculated temperature curve to be calculated for any brightness 

temperature.  A surface plot of the function is shown in Figure 24. 
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Figure 24: Surface plot of Calculated Temperature function. 

Thus, the calculated temperature curve that corresponds to a 1373 K brightness temperature has 

the form: 

              (9) 

If the emissivity of a material is known at multiple temperatures, such as in Figure 22, emissivity 

can be represented as a function of temperature.  The following linear equation represents the 

emissivity for CoorsTek AD96 shown in Figure 22, between the final two data points: 

                  (10) 
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where T is the actual temperature with a corresponding emissivity ε.  The actual temperature that 

corresponds to a brightness temperature of 1373 K can then be calculated by substituting 10 into 

9, resulting in: 

                                (11) 

which has the solution: 

         

This is the absolute temperature that corresponds with a brightness temperature of 1373 K.  

This method would be advantageous to use for heating and cooling measurements in materials 

that have known emissivity values in the temperature range being measured.  Since the 

emissivity of CoorsTek 96% alumina is not known above 1526 K, this method was not used 

because a function representing emissivity in-terms of temperature could not be generated in the 

temperature range for this study.  
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4. Chapter 4: Finite Element Modeling 

A finite element model was created in COMSOL Multiphysics to aid in determining the 

appropriate beam offset and the required power settings for the CO2 laser.  This involved the use 

of COMSOL’s Heat Transfer module, and the function that was fit to the CO2 beam’s power 

intensity profile (see Figure 19).  

4.1. Model Geometry 

A ceramic strip was modeled in the COMSOL environment to represent one of the alumina 

plates.  Symmetry allowed for only half of the ceramic strip to be modeled.  Figure 25 shows the 

modeled geometry and mesh.  The red face indicates the plane of symmetry, which is also the 

weld joint.  The mesh size is 1.25 mm in the x and y directions, and 0.33 mm in the z direction.   
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Figure 25: COMSOL model (a), with mesh for preheating (b). 

4.2. Material Properties 

CoorsTek provides information on a number of material properties for AD96 alumina.  

Interpolated values were used when information was available at multiple temperatures.  The 

material properties and the convective heat transfer coefficients used in the finite element model 

are shown in Table 4.  The Appendix contains further information on these material properties, 

b. 

a. 
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including values from multiple sources as well as calculations for the convective heat transfer 

coefficient. 

Table 4: Properties used in FEM. 

Property Value [Source] Units Comments 

Density  3.75 [31] g/cm
3
 - 

Thermal Conductivity 

293 K (20
o
C) 

393 K (100
o
C) 

673 K (400
o
C) 

1000 K (727
o
C) 

1200 K (927
o
C) 

1500 K (1227
o
C) 

2000 K (1727
o
C) 

2300 K (2027
 o
C) 

 

26 [31] 

20 [31] 

12 [31] 

7.85 [37, p. 909] 

6.55[37, p. 909] 

5.66 [37, p. 909] 

6 [37, p. 909] 

6 (estimate) 

W/mK - 

Specific Heat 

300 K (27
o
C) 

373 K (100
o
C) 

600 K (327
 o
C) 

1000 K (727
o
C) 

1773 K (1500
 o
C) 

2300 K (2027
 o
C) 

 

765 [37, p. 909] 

880 [18] 

1110 [37, p. 909] 

1225 [37, p. 909] 

1330 [38] 

1330 (estimate) 

J/kgK - 

Total Emissivity 

400 K 

1100 K 

1500 K 

1900 K 

2300 K 

 

0.75 (estimate) 

0.40 (estimate) 

0.32 (estimate) 

0.28 (estimate) 

0.28 (estimate) 

- 

Estimates based on similar values for alumina from 

[35, p. 142].  Model sensitivity to changes in total 

emittance shown in the appendix. 

Absorption of 10.6µm 

Wavelength 
0.90 [39, p. 182] - 

Model sensitivity to changes in absorption is 

shown in the appendix. 

Convective Heat Transfer 

Coefficient 

h (top and side surfaces) 

h (bottom surface) 

 

 

20 (calculated) 

10 (calculated) 

W/m
2
K Calculations provided in the appendix. 

 

4.3. Modeling of CO2 Beam 

The defocused CO2 beam was modeled using Equation 5 as a boundary heat source acting on the 

top surface of the ceramic.  The function was set to zero at a radius of 2w, twice the 1/e
2
 radius, 

resulting in representation of 99.97% of the beam power [33].  This was accomplished by 

multiplying the intensity function, I, by a step function defined by the 2w radius.  To generate the 
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step function, a function f(x,y) was evaluated for all points (x,y) within the range of the boundary 

heat source.  The range was defined by the x and y dimensions of the ceramic sample.  The 

function f(x,y) was defined as: 

        √      (12) 

A step function was created within COMSOL that accepted f(x,y) as an input, and had outputs of: 

     [      ]                  (13) 

     [      ]                  (14)  

The result was a function with a value of 1 within the 2w radius and 0 outside this radius.  A plot 

of step[f(x,y)] is shown in Figure 26, with w set to 8.381 mm. A plot of Equation 5 multiplied by 

the step function can be seen in Figure 27.  
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Figure 26: Step function to define beam boundary at radius 2w in x-y plane. 

 

 
Figure 27: Local intensity function of representative of defocused CO2 beam. 
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To obtain the final form of the boundary heat source, the normalized intensity function was 

multiplied by the beam power and the absorption coefficient of the material.  Thus, the function 

for the boundary heat source, Q, representative of the defocused laser beam had the form: 

                  [      ]      

where α is the absorption coefficient of the material and P is the beam power. 

Figure 28 shows a plot of Q(x,y) over the range equal to the top surface of the ceramic sample 

using the parameters: P = 175 W, and  α  = 0.90.  Symmetry allowed for only half of the model 

to be evaluated.   

  
Figure 28: Boundary heat source representative of the defocused CO2 laser beam. 
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4.4. Model Verification 

Modeling of the CO2 beam was verified through correlation with experimental data obtained 

with two temperature-indicating lacquers that melted at 950 K [677
o
C] and 1311 K [1038

o
C].  

The temperature-indicating lacquer was applied to the bottom side of an alumina strip measuring 

115×10×1 mm.  The strip was centred under the defocused CO2 laser with the lacquered side 

facing down.  The strip was exposed to laser irradiation for a set duration of time at constant 

power.  Post examination of the lacquer allowed for measurement of the Melt Zone: the width of 

the area of the strip that had reached temperatures greater than the melting temperature of the 

lacquer.  This process was repeated multiple times with both lacquers.  Figure 29 shows an 

image of the bottom surface of two alumina strips post-irradiation.   

 
Figure 29: Melt zones of temperature indicating lacquers for 950 K (top) and 1311 K (bottom) 

after exposure to defocused CO2 laser at 75W for 25 seconds.  

The heating of the ceramic strip was simulated in COMSOL and the temperature distribution on 

the bottom surface was compared to the dimensions of the lacquer melt zones.  The high 

Melt Zone 

Melt 

Zone 

10 mm 
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temperatures result in a high rate of radiative heat loss, which is determined by the total 

emittance of the material.  A range of total emittance values for alumina are stated in the 

literature [35, p. 142].  The total emmitance was iteratively changed to calibrate the model to the 

experimental results (see section 4.2, Table 4, for final values).  Figure 69 in section 8.1 of the 

appendix shows the sensitivity of the model to changes in total emmitance. 

Figure 30 shows a comparison of the model against the experimentally determined location of 

the Melt Zone boundaries at various times, using the final total emittance values stated in Table 

4.   

 
Figure 30: Location of Melt Zone boundary from beam centre; model versus experimental 

results. 
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4.5. Preheating Simulations 

Preheating of the ceramic plate with a moving defocused CO2 beam was simulated to gain 

insight into the behaviour of the transient temperature distributions in the ceramic as the beam 

traversed the part.  A function was created to define the location of the centre of the CO2 beam 

with respect to time, following the form: 

                   (15) 

where v is the velocity of the beam and x0 is the position of the beam at t = 0 s.  Motion of the 

CO2 beam was realized by introducing xcentre(t) into the equation for the local intensity of the 

beam.  Equation 5 was thus modified to: 

          
 

            
 
[  

([            ]    )

           
]
 (16) 

Accommodations were also made for the power of the CO2 beam to vary with time, if desired.  

Thus, the boundary heat source equation for the moving defocused CO2 beam with variable 

power becomes: 

                       [      ]         (17) 

All preheating simulations used a velocity of 0.5 mm/s with an x0 of -30 mm, allowing the beam 

to start entirely off the part.  Simulations of 120 s allowed the beam to fully traverse the model.   

4.5.1. Preheating with Constant Power  

Preheating with a constant beam power provides the simplest operating conditions, as external 

control of the power is not needed.  Simulations were performed at CO2 laser powers of 100 W 

to 140 W in 10 W increments.  Figure 31 shows the surface temperature distribution as the centre 

of the beam crosses at x = 0 mm, the midpoint of the part, during preheating with a laser power 
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of 120 W.  Figure 32 shows the corresponding temperature distribution along the top edge of the 

joint (shown by a black line in Figure 31).  Figure 32 also shows the beam intensity distribution 

(plotted in red) at this instance.  It can be seen that the location of the maximum temperature lags 

the centre of the beam by approximately 2 to 3 mm.   

 
Figure 31: Surface temperature distribution during preheating with constant 120 W power. 
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Figure 32: Temperature distribution (blue) along top edge of joint as beam (red) centre crosses 

x = 0 mm for preheating with a constant power of 120 W. 

Figure 33 shows how the maximum temperature increases with respect to time when preheating 

with a constant power.  The location of the maximum temperature relative to the centre of the 

CO2 beam is also plotted.  The values for time have been offset such that t = 0 s corresponds to 

the instant the centre of the CO2 beam first engages the part at x = -12.5 mm.   
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Figure 33: Magnitude of maximum temperature and relative location of maximum temperature 

during preheating with constant power. 

The maximum temperature trends upwards with time as the beam traverses the plate.  A high rate 

of increase is seen at first as the beam engages the part.  A period of slowly increasing 

temperature occurs between 15 s and 35 s as the beam passes through the midpoint of plate, 

followed by a higher increase in temperature as the beam approaches the second edge.  

Figure 33 shows that an average lag of ~2.5 mm exists between the centre of the CO2 beam and 

the location of maximum temperature during the preheating process, thus the temperature at a 

2.5 mm beam offset was investigated.   
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A plot of the temperature with respect to time at a 2.5 mm beam offset is shown in Figure 34 for 

various powers.  The same time offset is used as in Figure 33, with t = 0 s corresponding to the 

time at which the centre of the CO2 beam engaged the part.  Thus, with a velocity of 0.5 mm/s, 

the time at which a 2.5 mm beam offset first engaged the part is 5 s, with engagement ending at 

55 s.  There is an upward trend similar to that of maximum temperature, with the exception of 

t = 55 s.  The centre of the CO2 beam passed the edge of the part at 50 s, and thus the peak 

intensity of the beam was off of the part from 50 s to 55 s causing the part to cool down.   

 
Figure 34: Temperature at a 2.5 mm beam offset during constant power preheating. 
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4.5.2. Preheating with Variable Power 

Varying the power of the CO2 laser has the ability to provide more consistent preheating 

temperatures than preheating with a constant power.  In the LMS, stepping the CO2 laser power 

up or down is achieved with the Delta Tau motion program via an analog output.  The analog 

signal is read by the CO2 laser’s controller to set either the pulse period or pulse width value, as 

chosen by the operator.  The initial lower temperatures seen in Figure 34 can be raised by 

starting at a higher initial power that is decreased once the centre of the beam has engaged the 

part.  The temperature is maintained by further stepping down the power as the beam approaches 

the second edge.  

Figure 35 illustrates a possible power stepping regime that achieves an average preheating 

temperature of 1867 K [1594
o
C] with a standard deviation of 22 degrees.   
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Figure 35: Temperature at a 2.5 mm beam offset during preheating with coarse power stepping. 

The temperature fluctuations seen in the latter stages of preheating in Figure 35 can be dampened 

by increasing the frequency of the power steps.  Figure 36 shows a power stepping regime that 

achieves an average preheating temperature of 1865 K [1592 
o
C] with a standard deviation of 4 

degrees.   
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Figure 36: Temperature at a 2.5 mm beam offset during preheating with fine power stepping. 

4.6. Summary 

Preheating simulations were performed in COMSOL Multiphysics’ Heat Transfer module using 

the CO2 beam’s power intensity profile that was determined through the pinhole method.  The 

simulations illustrate that the location of the maximum temperature during preheating lags the 

centre of the defocused CO2 beam by ~2.5 mm.  Preheating simulations were performed using 

constant CO2 laser powers of 100, 110, 120, 130, and 140 W with a processing speed of 

0.5 mm/s.  The temperature at a beam offset of 2.5 mm increased by ~600 K as the beam 

traversed the plate.  The temperature began to decrease once the centre of the CO2 beam had 

passed the plate’s second edge.   Preheating simulations were also performed with a variable CO2 
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laser power.  The laser power was stepped up or down at various points during the preheating 

operation to stabilize the temperature.  Using coarse power stepping, an average preheating 

temperature of 1867 K [1594
o
C] with a standard deviation of 22 degrees was achieved.  A lower 

standard deviation was achieved with a higher number of steps; an average temperature 

of1865 K [1592 
o
C] with a standard deviation of 4 degrees was achieved with fine power 

stepping. 
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5. Chapter 5: Laser Welding Experiments - Results and Analysis 

5.1. Beam Offset Determination  

Experimentally determining the appropriate beam offset was achieved by measuring the 

brightness temperature adjacent to the Nd:YAG beam location during preheating with a constant 

CO2 laser power of 120 W at various CO2 beam angles (θ shown in Figure 11).  The angle of the 

CO2 beam was measured relative to vertical using a digital protractor (General Instruments 

1702).  The ceramic plates were passed under the preheating beam at 0.5 mm/s, the same speed 

used for the preheating and welding trials.  The pyrometer measurement spot was offset 

0.75 ± 0.25 mm in the positive x-direction from the seam made by the two un-joined ceramic 

plates to prevent the seam from affecting the temperature measurement.  In the y-direction, the 

final position of the centre of the pyrometer’s measurement spot was 0.25 ± 0.25 mm from the 

YAG beam location.   Due to space constraints, the pyrometer was angled at 12
o
 relative to 

vertical.   

Figure 37 shows an illustration of the observed location of the pyrometer’s aiming beam relative 

to the heated area for the various beam angles, while Figure 38 shows the measured brightness 

temperatures.  An angle of 17.0
o
 was observed to have the pyrometer centred in the preheating 

zone and also achieved the highest average temperature, thus a CO2 beam angle of 17.0
o
 was 

used for the remainder of this study.   
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Figure 37: Schematic representation of observed pyrometer location relative to heated area at 

various CO2 beam angles. 

 
Figure 38: Preheating with 120 W CO2 power at different beam angles. 
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Figure 39 shows an image of the defocused CO2 beam at 17.0
o
 and a mark made by the focused 

Nd:YAG beam.  The beam offset, the distance between the two beam centres, was measured 

using image analysis software (ImageJ).  The beam offset was measured to be 2.63 ± 0.02 mm, 

similar to the COMSOL model which determined the beam offset to be 2.50 ± .125 mm.  The 

combination of the slow processing speed and the large CO2 beam diameter cause the highest 

preheating temperature to be within the beam spot, and not at its trailing edge.   

 

 
Figure 39: Image of CO2 beam relative to Nd:YAG beam, captured on thermally sensitive paper. 

5.2. Comparison with COMSOL Model  

Preheating trials using constant and variable CO2 laser power were performed with the CO2 

beam fixed at a 17.0
o
 angle, using the same powers and power stepping protocols as those used 

in the COMSOL simulations.  The CO2 laser power was measured with a power meter (Coherent 

FieldMax Power Meter and Coherent PM300F-19 Sensor).  Temperatures were recorded using 

an emissivity value of 0.5.  The pyrometer has a temperature range from 650
o
C to 1800

o
C 

(923 K to 2073 K); when the measured temperature is outside of this range, the recorded 

temperature equals the closest limit.   

5.2.1. Constant Laser Power 

Figure 40 shows the measured temperatures for constant power preheating at various CO2 laser 

powers.  The time has been adjusted such that t = 0 s corresponds to the time at which the 

Welding Direction 
Nd:YAG Beam Location 

CO2 Thermal Image 
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pyrometer (and thus Nd:YAG beam) engages the part.  The shape of the temperature curves 

closely resembles the predicted temperatures from the COMSOL model. 

 
Figure 40: Constant power preheating temperatures using e = 0.5. 

Figure 41 shows the measured temperatures for preheating at 130 W (at maximum, actual and 

minimum emissivity values of 1.0, 0.5, and 0.1 respectively) together with the COMSOL 

temperature predictions.  The COMSOL preheating simulations for 100, 110, and 120 W are also 

plotted to assess the efficacy of the model. 
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Figure 41: Preheating with constant 130 W CO2 laser power compared to COMSOL results at 

various power outputs. 

5.2.2. Variable Laser Power 

Varying the average CO2 laser power during the preheating operation was implemented by 

stepping the laser power up or down via an analog voltage signal that controlled the laser’s pulse 

width, while the pulse period was held constant at 1800 µs.  The COMSOL power stepping 

protocols for coarse and fine stepping to achieve an average temperature of 1873 K (1600
o
C) 

were compared to experimental results.  Figure 42 shows the measured temperatures during 

coarse power stepping using emissivity values of 1.0, 0.5, and 0.1 plotted with the COMSOL 

simulation results, while Figure 43 shows the same for fine power stepping.   
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Figure 42: Preheating with coarse power stepping; comparison of predicted versus experimental 

results. 

 
Figure 43: Preheating with fine power stepping; comparison of predicted versus experimental 

results. 
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5.2.3. Summary and Discussion 

The COMSOL simulations appear to be over-predicting the preheating temperatures.  In constant 

power preheating for 130 W shown in Figure 41, the 0.5 emissivity measured temperature curve 

is most similar to the 100 W COMSOL simulation; the 130 W simulation is 12% to 27% above 

the 0.5 emissivity curve.  The predicted temperature curves for variable power preheating in 

Figure 42 and Figure 43 are also above the measured 0.5 emissivity curve.  The discrepancy 

between the predicted and the measured temperatures could be due to the material properties 

used in the model, the emissivity value used with the pyrometer, and the change in working 

distance caused by the rotation of the CO2 beam. 

In variable power preheating, the measured temperatures experience a higher sensitivity to the 

power steps than the COMSOL model.  This is well illustrated with the first power step to 125 W 

in Figure 42; the temperature drop experienced by the FE model is less than the drop in the 

calculated temperature of the pyrometer.  The power step at 40 s in Figure 43 also shows a 

higher temperature drop in the measured versus simulated curves.  This indicates that the FE 

model dissipates less heat than the actual ceramic plate.  This may be due to the total emittance 

values used in the model, which were chosen to be the minimum values provided in the literature 

[35, p. 142].  The choice of total emittance values for the FEM was based on the model 

verification experiments described in section 4.4 that used temperature-indicating lacquers.  The 

lacquers may have partially insulated the underside of the ceramic strips used in the model 

verification experiments, having the equivalent effect of decreasing the emittance of the ceramic.  

The low values of total emittance would allow more heat energy to be retained in the model than 

experimentally, resulting in higher temperatures being achieved in the FEM for a given power. 
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The choice of emissivity used with the pyrometer may also contribute to the observed 

discrepancy.  The emissivity value of 0.5 is based on the emissivity value of 0.48 at 1526 K 

(1253
o
C) [35, p. 153].  The emissivity values shown in Figure 22, Section 3.7, indicate that the 

spectral emissivity of alumina is a function of temperature.  Lowering the emissivity value that is 

used with a pyrometer will increase the measured temperature, thus the value of 0.5 may be high 

for this material at 1873 K (1600
o
C).   

The working distance of the CO2 laser was also increased due to the angular positioning required 

to overlap the CO2 and Nd:YAG beams which could be an additional factor in the observed 

discrepancy.  The 17 degree angle increased the working distance of the CO2 beam by 10 mm, 

from 147 mm to 157 mm.  This could effectively increase the beam’s diameter by up to 9% and 

decrease the central peak intensity by up to 16% (see Section 8.4 of the appendix for 

calculations).  The larger beam diameter and corresponding lower power density would result in 

a broader area being heated with a lower maximum temperature. 

5.3. Preheating Trials 

Reinecke et al. reported that a minimum preheating temperature of 1500
o
C was required to 

achieve a crack free weld, and 1600
o
C was found to produce the least porosity [8].  Three power 

stepping protocols were developed to produce average preheating temperatures of ~1450, 1525, 

and 1600
o
C (1723, 1798, and 1873 K), measured using an emissivity value of 0.5.  Temperatures 

were also measured using an emissivity of 1.0 for reference. 

Coarse power stepping (with two power steps) was selected.  The first step occurs when the 

welding beam first contacts the ceramic plate and the second power step, at 30 seconds. 
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Ten trials were performed for each preheating protocol: five using an emissivity of 0.5 and five 

using 1.0, allowing the mean temperature curve to be calculated for each emissivity value.  The 

cracks and fractures that were formed from the preheating operation were recorded.   

5.3.1. Protocol 1: Power Stepping for 1450
o
C (1723 K) Target Temperature 

Figure 44 shows the measured temperature and power stepping protocol used for a target 

temperature of 1450
o
C (1723 K).  The resulting mean temperature of five trials with e = 0.5 was 

1451
o
C (1724 K) with a standard deviation of 29 degrees.  The mean brightness temperature 

(e = 1.0) from the second set of five trials was 1315
o
C (1588 K), with a standard deviation of 

24 degrees.   

 
Figure 44: Power stepping protocol and measured temperatures for Preheating Protocol 1. 
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Eight out of ten samples experienced fracture and all ten developed a characteristic surface crack 

on the bottom surface at the beginning of the seam.  All of the fractures occurred more than 24 

hours after the preheating operation.  The fractures were offset ~7-10 mm from the seam, 

extending the width of the sample. Figure 45 shows an image of the residual parallel fracture.  

Figure 46 shows an image of the characteristic surface crack.   

 
Figure 45: Residual fracture occurring greater than 24 hrs after preheating operation.  

 
Figure 46: Characteristic surface crack on bottom surface. 

5.3.2. Protocol 2: Power Stepping for 1525
o
C (1798 K) Target Temperature 

A mean temperature of 1523
o
C (1796 K) with a standard deviation of 31 degrees was achieved 

with Protocol 2, using an emissivity value of 0.5.  The mean brightness temperature was 1380
o
C 

(1653 K) with a standard deviation of 25 degrees.   Figure 47 shows the measured temperatures 

and power stepping protocol.   
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Figure 47: Power stepping protocol and measured temperatures for Preheating Protocol 2. 

The same surface crack as shown in Figure 46 was observed on all ten samples.  Moreover, all 

ten samples experienced fracturing: four fractured while cooling in air, five fractured in less than 

24 hours, and one fractured after 24 hours due to residual stresses.  Figure 48 shows the two 

types of fractures that were observed: a fracture parallel to the seam consistent with the residual 

fractures experienced from Protocol 1, and a corner fracture at the beginning of the seam.  The 

characteristic parallel fracture originates on the edge that is heated first, extends partially or fully 

across the width of the sample, and is offset ~7-10 mm from the seam as observed with the 

samples from Protocol 1.  Nine of the ten fractures were of this type, including all six of the 

residual fractures.  The corner fracture consists of the characteristic surface crack from Figure 46 
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that has progressed to a full fracture that intersects with the parallel fracture.  One of the ten 

samples that fractured experienced this corner fracture.   

 
Figure 48: Characteristic parallel and corner fractures. 

5.3.3. Protocol 3: Power Stepping for 1600
o
C (1873 K) Target Temperature 

The third power stepping protocol achieved a mean temperature of 1584
o
C (1857 K) with a 

standard deviation of 30 degrees when measured using an emissivity value of 0.5.  The mean 

brightness temperature was measured to be 1426
o
C (1699 K) with a standard deviation of 

29 degrees.   The measured temperatures and power steps for Protocol 3 can be seen in Figure 

49. 
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Figure 49:  Power stepping protocol and measured temperatures for Preheating Protocol 3. 

Of the ten samples processed with Protocol 3, all experienced fracture and all developed the 

characteristic surface crack seen in Figure 46.  Of the ten samples, five fractured during cooling 

and five fractured after cooling to room temperature from residual stresses.  The fractures were 

consistent with those described in Figure 48, with two samples experiencing corner fractures and 

all ten experiencing a partial or full parallel fracture. 

5.3.4. Summary and Discussion 

Preheating trials were performed with coarse power stepping to develop preheating protocols 

capable of producing near-constant preheating temperatures at a 2.63 mm beam offset for three 

target temperatures: 1450, 1525, and 1600
o
C (1723, 1798, and 1873 K).  The power stepping 

protocols each consisted of two power steps: the first occurring at the instant the Nd:YAG beam 
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would intersect the plate, and the second occurring 30 s after the first power step (15 mm from 

the beginning of the weld).  The power stepping method was capable of producing average 

temperatures within sixteen degrees of the target temperature, with standard deviations below 32 

degrees. 

Fractures were experienced by 28 of the 30 samples that were processed during the preheating 

trials, of which 19 fractured due to residual stresses.  The majority of these fractures ran parallel 

to the seam as shown in Figure 48, with a minority of samples experiencing a corner fracture.  

Partial parallel fractures were observed with the fracture originating on the plate edge that is 

heated first, labeled Side A in Figure 48.  The average distance from the seam to the start of a 

parallel fracture, measured along Side A, was 9.1 mm with a standard deviation of 1.5 mm; this 

location is similar to the 1/e
2
 radius of the CO2 beam of 8.4 mm.  Fractures were either formed 

while the ceramic cooled in air from high temperatures, or after (hours to days) the sample had 

cooled to room temperature.  The formation of a fracture was accompanied with an acoustic 

signal; this sound could be heard ~5-10 seconds after the preheating operation had completed for 

the fractures that occurred during air cooling.  A small surface crack was also observed on all 30 

samples, occurring on the bottom surface starting ~2mm inward from the edge of the seam as 

shown previously in Figure 46. 

Thermal stresses are a result of uneven thermal expansion due to temperature gradients within a 

solid [40, p. 154].  Thermal shock occurs due to thermal gradients experienced through the 

thickness of the part; a cool surface is held in tension by a warm core.  Thermal shock resistance 

is a measure of the maximum temperature change that a material can rapidly experience with its 

surroundings before having a significant reduction in strength [25].  CoorsTek AD-96 has a 

thermal shock resistance (ΔTc) of 250 degrees, determined by quenching samples from various 
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elevated temperatures followed by flexural strength tests [18].  Figure 50 shows temperature 

contour plots of Side A and at the midplane at various time instances, generated from the 

COMSOL simulation for coarse power stepping.  The same time adjustment is used as in Figure 

35, with t = 5 s corresponding to the instant the Nd:YAG welding beam would engage the part 

while at a 2.5 mm beam offset, with welding ending at 55 s.  The contours are in 50 degree 

increments and show that there is little variation in temperature through the thickness of the plate 

at the mean fracture location of 9.1 mm, indicating that thermal shock is not the cause of the 

parallel fractures.   

 
Figure 50: Temperature contours on Side A and at the midplane at various time instances. 

The contour plots do however provide insight into the surface crack observed on the bottom 

surface of the preheated samples.  The contour plots of Side A indicate that a variance between 

the top surface and bottom surface upwards of 150 degrees exists at ~2 mm from the seam at 5 s, 
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the instant that welding would commence.  This would cause the bottom surface to be in tension 

as the top surface and core expand, a scenario that could cause thermal shock.  The variance is 

less than the rated ΔTc value from CoorsTek; however, the CoorsTek literature does not relate 

thermal shock resistance with material thickness.  Sherman et al. concluded that the critical 

temperature difference to initiate crack formation (ΔTc) increases as the thickness of the ceramic 

decreases due to the reduced ability of thin specimens to generate high thermal gradients [41].  

The 1 mm thick plates used in this study are classified by CoorsTek as thick substrates.  It is 

possible that the thermal shock resistance of the 1 mm thick plate is less than the rated value.  

Moreover, the COMSOL model is believed to be underestimating the thermal radiance from the 

plate; this would underestimate the predicted temperature variance between the top and bottom 

surface that is observed in the contour plot. 

Thermal stresses are caused by temperature gradients.  Figure 51 shows a plot of the temperature 

gradient in the direction perpendicular from the seam at three different time instances, generated 

from the COMSOL simulation for coarse power stepping.   



89 

 

 
Figure 51: Temperature gradient on top surface in the direction perpendicular to the weld seam, 

generated from COMSOL simulation for coarse power stepping. 

The plot shows that a semi-elliptical area exists where the temperature gradient has a maximum 

magnitude.  The centre of this area is offset from the seam by ~5 mm and travels across the part 

at the same rate as the preheating beam.  The highest magnitude of the temperature gradient is 

experienced at 5 s, the instant that welding would commence.  Figure 52 shows a plot of the 

temperature gradient along the top edge of Side A.  The plot shows the temperature gradient at 

times of 5 and 55 s, along with the rate of change of the preheating beam intensity.  The 

maximum magnitude of the temperature gradient at 5 s is 186 K/mm, occurring at 5.1 mm from 

the seam.  There is a strong correlation between the temperature gradient profile, and the rate of 

change of the preheating beam intensity, which has a maximum magnitude at 4.3 mm from the 

seam.  As time increases and the preheating beam moves across the part, the temperature 
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gradient along Side A dampens, having a maximum magnitude of 18 K/mm at 10.2 mm from the 

seam at 55 s.   

 
Figure 52: Temperature gradient along Side A at two time instances. 

Figure 51 and Figure 52 illustrate that a highly stressed region exists parallel to the seam due to 

the transient location of the maximum temperature gradient.  Figure 52 also illustrates that the 

location of the maximum magnitude of the temperature gradient along the top edge of Side A 

drifts away from the seam as time increases and heat conducts into the plate.   The parallel 

fractures may be caused by uneven shrinkage in this highly stressed zone due to the transient 

heating and subsequent cooling caused by the moving laser beam.  Uniformly cooling the plate 

from high temperature may mitigate the residual stresses that are currently experienced.   
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5.4. Laser Welding Trials 

Welds were performed using the three preheating protocols described in section 5.3 with welding 

beam powers of 25, 50, and 75 W with each protocol, producing nine unique parameter 

combinations.  The Nd:YAG power was set manually on the laser’s controller and measured 

with a power meter (Lee Laser LDM 50) before each welding operation. 

5.4.1. Weld Bead Geometry 

The resulting weld bead geometries were observed and measured optically at 4x magnification.  

The degree of weld penetration was recorded as well as the bead widths along the top and bottom 

surfaces. 

Weld Penetration 

Penetration of the weld bead was observed visually.  All welds that were performed with 25 W 

of welding beam power resulted in a partially penetrating weld bead that did not extend through 

the thickness of the ceramic plate at any point along the welded seam.  Welds made with 50 W of 

welding beam power were primarily full penetration welds, with a characteristic partially 

penetrating segment at the beginning of the seam.  All welds made with 75 W of welding beam 

power fully penetrated the plate along the entire length of the seam. 

Figure 53 shows the characteristic partially penetrating segment of a 50 W weld: the ~1.5mm 

long segment is observed at ~3 mm from the start of the weld.  This partial penetration segment 

was present on all 50 W welds, regardless of the preheating protocol used.   
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Figure 53: Partially penetrating segment at start of weld formed at 50 W and Preheating 

Protocol 3, showing top weld surface (a), and bottom surface (b).  

A contrasting effect was observed at the end of the weld: the top surface of the weld bead was 

broken and disordered.  This ‘end-effect’ was observed on all welded samples, regardless of the 

welding beam power or the preheating protocol used.  Figure 54 shows an image of this feature.  
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Figure 54: End of seam showing top weld surface. 

The interruption in full-penetration welding seen in Figure 53 and the broken weld bead of 

Figure 54 may be due to the effects that the edges of the sample have on the conduction of heat 

from the weld pool.  At the beginning of the weld, the temperature of the melt pool has not 

reached a steady state and partial penetration results, while at the end of the weld, a sharp 

increase in temperature is experienced from the impingement of thermal conduction from the 

terminating edge.  The initial fully penetrating segment at the beginning of the weld may be due 

to the rapid heating of the material that is in close proximity to the starting edge, again due to the 

adverse effects that the edge has on thermal conduction.  Power ramping of a welding beam can 

be used at the beginning and ends of a weld to mitigate unfavourable end-conditions [11, p. 404].  

In the LCM Lab, external control of the Nd:YAG laser power is possible through an analog 

current input to the laser’s controller.  This can be accomplished through the Delta Tau controller 

in a similar manner to the analog voltage signal that is used to control the CO2 laser’s power.  An 

additional Delta Tau accessory break-out board would be required to add an additional channel 

to the controller that would act as the analog output. 
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Bead Cross Sections 

Welded samples were sectioned at the centre of the ceramic strip using a Precision Cut-Off 

Machine (Struers Accutom-5) with a diamond abrasive blade.  The samples were adhered to a 

glass slide prior to sectioning to aid in the alignment of fractured pieces.  Figure 55, Figure 56, 

and Figure 57 show cross-sectional images of weld beads formed using Preheating Protocol 2 at 

25, 50, and 75 W, respectively. 

 
Figure 55: Cross-section of weld bead formed at 25 W and Preheating Protocol 2. 

 
Figure 56: Cross-section of weld bead formed with 50W and Preheating Protocol 2. 
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Figure 57: Cross-section of weld bead formed with 75W and Preheating Protocol 2. 

The weld beads formed with 25 W of welding beam power extend 0.6 mm into the plate and are 

1.8 mm in width.  The shape of weld bead is consistent with a conduction-limited weld 

[39, p. 361]; however, it may have been formed with a transitory keyhole.  The power density 

with 25 W was calculated to be 2 x 10
4
 W/mm

2
 (see Table 3 in section 3.6.2), which is above the 

10
4
 W/mm

2
 power density threshold for keyhole formation [11, p. 404].  There is not a single 

power density, however, at which conduction-limited welding changes to keyhole welding – a 

transition zone exists that consists of transitory keyhole formation [42].  It is theorized that, in 

this transition zone, the power density is sufficient for vaporization; however, the vapor pressure 

is insufficient for maintaining a stable keyhole [42].  Large pores are visible at the bottom of the 

weld bead.  A discussion on pore formation can be found in 5.4.2. 

The weld beads formed with 50 W of welding beam power (4 x 10
4
 W/mm

2
 power density) 

resemble the shape characteristic of a keyhole weld: a wide top with a narrow root [39, p. 361].  

The bead widths are ~2.2 mm at the top, and ~1.2 mm at the bottom.  Pores can be seen along the 

edges of the weld bead in Figure 56 that vary in size from 10’s to 100’s of µm. 

The 75 W weld beads (6 x 10
4
 W/mm

2
 power density) show less difference between the widths 

at the top and bottom of the weld bead compared to the 50 W welds.  The 75 W welds have a 
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width of ~2.7 mm at the top and ~2.1 mm at the bottom.  The increase in molten material 

corresponds to the increase in beam power, resulting in an increase in melt from thermal 

conduction.  Porosity is present at the edges of the weld bead, similar to the 50 W welds. 

5.4.2. Surface Morphology 

A Scanning Electron Microscope (SEM) was used to observe the surface morphology of the 

fusion zone in comparison to the parent material for welds formed with each welding beam 

power.  The samples observed were all processed with Preheating Protocol 2.   

All samples exhibited similar morphology: the fusion zone consisted of elongated grains in 

comparison to the equiaxed grains of the parent material.  Semi-elliptical wave lines can be seen 

in Figure 58, showing the shape of the solidification front.  The major axes of the elongated 

grains in the fusion zone are normal to the solidification front, in the direction of the temperature 

gradient.  The grains that are close to the fusion boundary are directed towards the centre of the 

weld, while the grains along the weld centreline are aligned with the weld direction; this can be 

seen in Figure 59.  Similar grain structure was observed in solidified alumina by Harimkar et al. 

who performed laser surface melting of alumina [43].   The elongated structure was attributed to 

nucleation and epitaxial growth at the solid-liquid interface of partially melted grains [43, 44].   

Surface porosity can be seen in Figure 58 and Figure 60.  The two pores in Figure 60 have a 

mean diameter of 55 µm.  The following section contains a discussion on porosity formation. 
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Figure 58: SEM image of 75 W weld bead. 
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Figure 59: SEM images of parent material (a), fusion zone near fusion boundary (b), and fusion 

zone at weld centreline (c). 
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Figure 60: SEM image of fusion boundary of 75 W weld bead. 

5.4.3. Porosity 

In addition to the cross sectional images presented in 5.4.1, samples were sectioned along the 

length of the welded seam to observe the presence of pores along the centre plane.  Samples that 

were welded with 25 W of welding beam power naturally fractured along the centre of the weld 

bead and, thus, sectioning of those samples was not required but, rather, the fractured surface 

was observed.  Images for welds formed using Preheating Protocol 2 and welding beam powers 

of 25, 50, and 75 W can be seen in Figure 61, Figure 62, and Figure 63, respectively. 
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Figure 61: Fractured surface showing porosity in weld formed with Preheating Protocol 2 and 

25 W beam power. 

 
Figure 62: Section along centre of weld bead showing porosity in weld formed with Preheating 

Protocol 2 and 50 W beam power. 

 
Figure 63: Section along centre of weld bead formed with Preheating Protocol 2 and 75 W beam 

power. 
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A high instance of porosity along the centre plane of the bead was observed in all 25 W welds.  

The pores are located at the bottom of the weld bead, are ~0.2 to 0.5 mm in diameter, and repeat 

every ~0.3 to 0.8 mm along the length of the weld.  The observations are consistent with the 

cross-section shown in Figure 55 which shows a large pore at the bottom of the weld bead along 

the centreline of the weld.  The sectioned 50 W weld shown in Figure 62 shows thirteen 

intermittently spaced spherical voids with diameters approaching the thickness of the plate.  

Three of the pores are in the partially penetrating segment, with the remainder scattered along the 

length of the weld.  This macro-porosity is drastically reduced in the 75 W welds, with Figure 63 

showing a sectioned 75 W weld with no large pores.   

The mechanisms of porosity formation in laser welds in alumina have not been discussed in the 

literature; however, porosity formation in laser welding of metal alloys has been studied [45, 46, 

47].  Porosity is attributed to the instability of the keyhole and the dynamic fluid flow of the melt 

pool [45], vaporization of alloying elements [46], hydrogen rejection during solidification [46], 

and bead aspect ratio [47]. 

The formation of porosity in keyhole welding of metals is typically attributed to keyhole 

instability [45].  Matsunawa investigated the mechanisms of porosity formation in keyhole 

welding of aluminum alloys through high-speed radiographic images [45].  It was observed that 

the geometry of the keyhole fluctuates throughout the welding operation, with the rear-wall 

experiencing rapid shape-change. Matsunawa theorized that evaporation was not uniform along 

the front wall of the keyhole; local fluctuations in the front wall geometry caused sudden 

increases in localized vaporization.  These bursts of vapor pressure caused large indentations in 

the molten rear wall of the keyhole which would eventually close, forming a bubble [45].  This 

recoil-effect of sudden localized vaporization followed by bulging of the rear wall was also 
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observed by Berger et al. who analyzed high-speed videos of keyhole welding in ice [48].  This 

turbulent behaviour may be the cause of the porosity seen in Figure 61 and Figure 62, with the 

bubbles becoming entrapped in the solidifying bead before escaping through the surface. 

The low boiling points of alloying elements such as magnesium have been shown to cause 

porosity in laser welded aluminum alloys [46].  This mechanism is due to a difference of 

vaporization temperatures; the magnesium vaporizes at a lower temperature than aluminum, 

causing a vapor bubble to form in the melt pool that can become trapped during solidification 

[46].  Silica (SiO2) is a common impurity associated with alumina and has a vaporization 

temperature of 2230
o
C [49, p. 289], just above the 2054

o
C melting temperature of alumina which 

vaporizes at 3530
o
C [24, p. 13].  Ueno et al. concluded that the vaporization of silica contributed 

to pore growth during solidification of 15%SiO2-Al2O3 rods [50].  It is possible that silica is a 

contributor to the observed porosity in this study.   

Hydrogen rejection is also a cause of porosity in aluminum alloy welds and castings [46, 

51 p. 47].  The reduction in hydrogen solubility experienced during solidification of the melt 

pool causes porosity to be formed at the edges of the weld bead from the formation of hydrogen 

gas bubbles [46].  The sources of hydrogen contamination can be the moisture in the atmosphere, 

shielding gas, or on the surface of the part [46].  The solubility of hydrogen in liquid alumina is 

not known; however, Ueno et al. observed that the amount of porosity in 15%SiO2-Al2O3 rods 

formed from the liquid phase increased with increasing hydrogen partial pressure, while the total 

pressure remained constant [50].  Ueno et al. also observed an increase in porosity when the 

silica content in the alumina decreased [50].  These observations suggest that hydrogen rejection 

does play a role in porosity formation in alumina, and the presence of silica mitigates these 

effects. 
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The bubbles that are concentrated at the edge of the weld beads in Figure 56 and Figure 57 may 

be formed at the keyhole and later migrated to the edge of the molten zone.  Matsunawa traced 

tungsten particles flowing through the melt pool in a keyhole weld made in an aluminum alloy.  

The complex trajectory of the particles indicated that strong convective forces were present 

around the keyhole.  It was observed that bubbles had similar behaviour to the tungsten particles; 

they were not dominated by the buoyancy forces, but rather the strong convective forces in the 

melt pool [45].  This allows porosity to be found at a different location than where the bubble 

was formed.   A larger molten zone may increase the probability of a bubble escaping through 

the surface during its complex path through the melt pool.  Kim et al. observed that porosity 

decreased when the cross-sectional area of the weld bead increased [47].  The larger melt pool of 

the 75 W welds may contribute to their lower porosity.   

5.4.4. Fractures 

All of the welds experienced two forms of fracture: a longitudinal fracture parallel to the weld 

bead, and a transverse fracture perpendicular to the weld.  The longitudinal fracture typically 

travels along the centreline or the edge of the weld bead.  The transverse fracture initiates near 

the mid-point of the weld, and travels ~6 to 8 mm into each side before branching into two 

fractures that extend parallel to the weld bead.  These characteristic fractures can be seen in 

Figure 64.   
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Figure 64: Characteristic fracture of a welded sample, with fracture indicated in black (middle). 

The longitudinal fracture predominantly travels along the centreline of the 25 W welds, along the 

centreline or edge of the 50 W welds, and along the edge of the 75 W welds.  These trends are 

consistent with the observations of porosity location – the crack follows the areas of high 

porosity due to the inherent weakness that porosity introduces.   

Longitudinal 

Fracture 

Longitudinal 

Fracture 

Transverse 

Fracture 

Transverse 

Fracture 

Fork 

Fork 



105 

 

Transverse fractures are caused by excessive shrinkage in the weld direction [52].  This type of 

fracture was not observed during the preheating trials, which indicates that the additional 

constraint of the weld bead affects the stresses formed during shrinkage.  The fork in the 

transverse crack occurs at approximately the same distance from the weld as the parallel 

fractures experienced in the preheating trials.  This indicates that the same high stresses caused 

by the high temperature gradients in the preheating trials are also experienced during welding, 

and the branching of the transverse crack acts to relieve those stresses.  The branches however do 

not extend to the edges of the plate, but terminate within the bulk of the material.  This indicates 

that the highest residual stresses are experienced near the centreline of the plate. 
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6. Chapter 6: Conclusions and Recommendations 

6.1. Conclusions 

The laser machining system in the LCM lab was modified to carry out laser welding of alumina 

that involved the use of a defocused CO2 laser beam and a focused Nd:YAG beam.  The CO2 

laser preheated the ceramic and the Nd:YAG beam performed the weld.  The system allowed for 

the relative positions of the two beams on the surface of the workpiece to be varied.  The 

defocusing amount of the CO2 beam was also adjustable.   Butt welds were performed on 1 mm 

thick plates of 96% alumina using Nd:YAG beam powers of 25, 50, 75 W and preheating 

temperatures of 1450, 1525, and 1600
o
C (1723, 1798, and 1873 K). 

Preheating with a constant CO2 laser power resulted in a large temperature rise between the 

beginning and the end of the preheating operation; the combination of processing speed, beam 

power, and weld length did not allow a steady state to be reached.  Stepping the CO2 laser’s 

power while the beam traversed the specimen surface allowed for the preheating temperature to 

be stabilized; protocols for three preheating temperatures were developed that provided standard 

deviations below 32 degrees throughout the preheating process using two power steps.   

Plates processed with preheating only (no welding beam) experienced fractures parallel to the 

joint.  The fractures were either formed during cooling in air, or after the plate had cooled to 

room temperature.   Fractures that formed during air cooling indicate that the rate of cooling is 

too high while fractures that formed after cooling to room temperature indicate the presence of 

high residual stresses.  These stresses are due to the localized shrinking that occurs as a result of 

the transient localized preheating from the defocused CO2 beam. 
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During the welding trials, an Nd:YAG laser power of 25 W (2 x 10
4
 W/mm

2
) with a scanning 

speed of 0.5 mm/s was found to partially penetrate the 1 mm thick alumina plate.  A 50 W laser 

power (4 x 10
4
 W/mm

2
) resulted in full penetration for the majority of the weld, with the 

beginning experiencing partial penetration.  An Nd:YAG laser power of 75 W (6 x 10
4
 W/mm

2
) 

resulted in full penetration along the entire length of the weld. 

A significant reduction in porosity was observed in fully penetrating welds when the Nd:YAG 

power was increased from 50 W to 75 W.  The increase in power also increased the cross-

sectional area of the weld bead.   

The fracture patterns experienced in welded plates differed from fractures formed from 

preheating only; welded plates experienced a transverse fracture near the mid-point of the weld.   

The fusion of the two plates introduces a physical constraint that affects the stresses formed 

during shrinking. 

6.2. Recommendations for Future Work 

1. The fractures that are currently experienced may be eliminated by introducing a controlled 

cooling of the welded plates to reduce the cooling rate.  This may be accomplished by cycling 

the defocused CO2 beam over the welded joint at a high frequency while stepping down the CO2 

laser power.  Alternatively, an auxiliary heat source could be used for controlled cooling such as 

high temperature heating plates [53].  Providing a uniform temperature across the plate during 

cooling may allow for annealing of the alumina, relieving the residual stresses. 

2. Experimental identification of the 1 µm emissivity of the material at elevated temperatures 

would improve the confidence in the measured temperatures.  FAR Associates (Macedonia, 
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Ohio, USA) provides services for determining the emissivity of materials at 1 µm at 

temperatures from 400
o
C to 1500

o
C.  

3. The COMSOL finite element model requires further calibration to experimental data.  

Structural analysis should then be added to the validated model.  This could allow for the 

prediction of fractures and could aid in developing and optimizing a controlled cooling 

procedure.   

4. The reduction in porosity observed when welding with 75 W versus 50 W indicates that the 

amount of power delivered by the welding laser has an effect on porosity during keyhole 

welding.  Further investigations could be made into the effects that the welding beam parameters 

have on porosity formation.  The welding beam power, temporal mode, and spot size can be 

varied on the Nd:YAG laser in the LCM lab via the diode current, Q-switch, and variable beam 

expander, respectively.   Radiographic imaging, a non-destructive process, could be used to 

observe the presence of pores. 

5. The method for post-processing temperature data that was described in Section 3.7 would be 

advantageous to use for measuring temperatures during preheating and cooling due to the 

variance in emissivity that CoorsTek AD96 experiences with temperature.  Emissivity values 

obtained from (2) would allow for a function to be developed that relates emissivity and 

temperature.  The described method must be validated with a second temperature measurement 

method. 
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8. Appendix 

8.1. Material Properties Used in Finite Element Modelling 

Thermal Conductivity 

Thermal conductivity values for CoorsTek ADS96R alumina are provided by the manufacturer 

up to 400
o
C (673 K).   Above this temperature, values for alumina from other sources were used 

[37, p. 909]. 

 

Figure 65: Thermal conductivity values used in FE model. 

Specific Heat 

The specific heat value for ADS96R is provided for 100
o
C (373 K).  Values from other sources 

were used for higher and lower temperatures. 
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Figure 66: Specific heat values used in FE model. 

Total Emissivity 

The total normal emittance of a material is determined by the material’s composition and surface 

roughness.  Values for ADS96R are not known; however a range of emittance values for alumina 

are provided in Thermophysical Properties of Matter, Vol. 8: Thermal Radiative Properties – 

Nonmetallic Solids [35, p. 142], seen in Figure 67.  The values defining the lower limit of this 

range were used in the FE model, shown in Figure 68.  
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Figure 67: Total normal emittance of aluminum oxide [35, p.142]. 
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Figure 68: Total normal emissivity of alumina used in FE model. 

Figure 69 shows the sensitivity of the model to total emissivity values.  The figure shows the 

distance from the beam centre line where two temperatures, 950K and 1311 K, were predicted. 

The experimental results were found using temperature-indicating lacquers.  Results are also 

shown for COMSOL simulations with different total emissivity values: one is for the final values 

used in the study, labeled Model Values in Figure 68, and the second is for a set labeled as 

Emissivity Comparison shown in Figure 68.   
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Figure 69: Model sensitivity to total normal emittance. 

Absorption 

A laser beam incident on a surface may be absorbed, reflected, or transmitted [39, p. 176].   The 

absorptivity of a material is wavelength-dependant and may increase or decrease with 

temperature due to oxidation of the surface or phase changes.  The normal spectral absorptivity 

of a CO2 laser’s wavelength, 10.6 µm, in alumina is reported as 0.90 to 0.99 [39, p. 182].  The 

value of 0.90 (90%) was used in the COMSOL model for absorption.  Figure 70 shows the 

model sensitivity to the absorptivity value, with results for 90% and 99% settings plotted for 

comparison.
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Figure 70: Absorption sensitivity of FE model. 

Convective Heat Transfer Coefficient 

Heat loss due to free convection was estimated using a convection coefficient of 20 W/m
2
K for 

the top and side surfaces and 10 W/m
2
K for the bottom surface.  These values were calculated 

for a horizontal plate at a constant temperature, with dimensions equal to the 10 mm wide 

ceramic strip.  The average convective heat transfer coefficient is calculated using the equation 

[37, p. 545]: 

  ̅  
 

 
   
̅̅ ̅̅ ̅ (18)  

where k is the thermal conductivity of air evaluated at the film temperature, NuL is the average 

Nusselt number, and L is the characteristic length of the horizontal plate, defined as [37, p. 551]: 
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 (19)  

where As is the surface area of the plate and P is the perimeter.  The film temperature, Tf, is 

defined as the average temperature of the surface, Ts, and the environment, T∞, [37, p. 545] thus: 

    
     

 
 (20)  

The average Nusselt number for the top surface of the plate is calculated using [37, p. 551]: 

    
̅̅ ̅̅ ̅         

   
 (21)  

where RaL is the Rayleigh number for the top surface.  The average Nusselt number for the 

bottom surface is calculated using the equation [37, p. 551]: 

    
̅̅ ̅̅ ̅         

   
 (22)  

The Rayleigh number is calculated using the equation [37, p. 545]: 

     
 (

 

  
)         

  
 (23)  

where g = 9.81m/s
2
, υ is the kinematic viscosity of air at the film temperature, and α is the 

coefficient of thermal expansion of air at the film temperature. 

Calculated values of h are shown in  
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Table 5 and plotted in Figure 71 for a range of surface temperatures, using a T∞ value of 300 K. 
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Table 5: Calculated values for convective heat transfer coefficient, with properties of air 

from [37, p. 917]. 

 

Air Properties at Tf 

 

Top Surface Bottom Surface 

Ts 

(K) 

Tf 

(K) υ (m
2
/s) α (m

2
/s) 

k 

(W/mK) RaL NuL 

h 

(W/m
2
K) NuL 

h 

(W/m
2
K) 

400 350 2.09E-05 2.99E-05 3.00E-02 436 2.5 16.1 1.2 8.0 

600 450 3.24E-05 4.72E-05 3.73E-02 416 2.4 19.8 1.2 9.9 

800 550 4.56E-05 6.67E-05 4.39E-02 286 2.2 21.2 1.1 10.6 

1000 650 6.02E-05 8.73E-05 4.97E-02 196 2.0 21.8 1.0 10.9 

1200 750 7.64E-05 1.09E-04 5.49E-02 138 1.8 22.1 0.9 11.0 

1400 850 9.38E-05 1.31E-04 5.96E-02 101 1.7 22.2 0.9 11.1 

 

 

 
Figure 71: Calculated values of the convective heat transfer coefficient. 
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8.2. Build Platform Engineering Drawings 

 

Figure 72: Build platform - Assembly drawing. 
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Figure 73: Build platform - Base drawing. 
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Figure 74: Build platform - Top Plate drawing. 
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Figure 75: Build platform - Post drawing. 
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Figure 76: Build platform - Modified Mounting Plate drawing. 
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8.3. Wiring Schematics 

 

Figure 77: Manual Switchboard wiring schematic. 
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Figure 78: Digitial Input/Output and Relay Board wiring schematic. 
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8.4. Change in Working Distance due to CO2 Beam Angle 

The laser beam profile used as an input to the heat transfer model was obtained with the CO2 

laser beam aligned vertically; this was required to facilitate power measurements using a pinhole 

fixture.  However, the beam needed to be oriented at a 17 degree angle away from vertical when 

conducting the preheating and welding trials.  This change is expected to lead to an increase in 

the working distance and increase in the beam spot size on the top surface of the ceramic plate.  

This section calculates the increase in working distance due to the beam angle, the increase in the 

beam diameter, the resulting decrease in the normalized central peak intensity of the beam, and 

the aspect ratio of the elliptical beam spot that resulted on the top surface of the ceramic plate. 

Figure 79 shows a schematic of the CO2 laser in the vertical and angled positions.  The change in 

working distance, dL, was calculated from variables A (distance from pivoting axis to bottom of 

focusing lens), L (working distance), and β (CO2 beam angle), using the equation: 

      
   

      
 (24) 

where A = 63.5 mm, L = 147 mm, and β = 17.0
o
.  By rearranging the equation, a dL value of 

10 mm was obtained. 
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Figure 79: Schematic of CO2 process head in vertical and angled orientation. 

The beam diameter at the working distance L + dL was then calculated using the measured 

diameter at working distance L, the beam’s divergence, and the increase in the working distance 

(dL). 

The theoretical divergence of the beam was calculated using the equation [33]: 

       

   
 (25) 

where M
2
 is the beam quality factor, λ is the beam’s wavelength, and df is the diameter of the 

focused beam. 

The focused beam diameter, df, can be calculated using the equation: 

β  
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 (26) 

where dB is the unfocused beam diameter, and L is the focal length of the lens. 

The unfocused beam diameter, dB, was determined from the beam diameter at the output of the 

laser head, dH, the prefocused beam divergence, θB, and the beam path length from the laser head 

to the focusing lens, LP, using the equation:  

                  (27) 

The Coherent K250 Laser has an output beam diameter (dH) of 6.80 mm, and divergence (θB) of 

1.05 mrad [27].  The path length, LP, was measured to be 1557 mm, which resulted in an 

unfocused beam diameter (dB) of 10.1 mm. 

The focused beam diameter was then calculated using equation 26.  The CO2 laser has a rated M
2
 

value of <1.3 [27].  Equation 25 shows that divergence is directly proportional to the M
2
 value, 

thus, an M
2
 value of 1.3 was assumed in order to calculate the maximum increase in the beam 

diameter due to the increase in the working distance.  Using the focal length of the CO
2
 laser’s 

focusing lens (F = 63.5 mm), the laser’s wavelength (λ = 10.6 µm), and the calculated unfocused 

beam diameter (dB = 10.1 mm) the focused beam diameter (df) was calculated to be 111 µm. 

From equation 25, the divergence of the beam was then calculated to be 79 mrad. 

The beam diameter at the working distance L + dL, was then calculated using the measured 1/e
2
 

diameter at distance L of 16.8 mm (see 3.6.1 CO2 Beam Profiling with Pinhole Method), and the 

beam’s divergence, using the equation: 

                      (28) 
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which resulted in a dL+dL value of 18.3 mm, a 9% increase from the measured diameter of 

16.8 mm in the vertical position. 

The normalized central peak intensity of a Gaussian beam can be calculated using equation [33]: 

    
 

    (29) 

where w is the 1/e
2
 radius of the beam.  The pinhole profiles presented in section 3.6.1 indicate 

that the CO2 beam resembles a Gaussian profile, thus, the normalized central peak intensity for 

an 18.3 mm beam was calculated using equation 29 to be 7580 m
-2

, a 16% decrease from the 

9022 m
-2

 central peak intensity for a 16.8 mm diameter beam. 

The 17 degree angle of the CO2 beam also caused the beam to intersect the horizontal ceramic 

plate on an angle; the resulting shape of the beam spot on the plate’s surface was not circular, but 

resembled an ellipse.  Figure 80 illustrates how the angled beam intersects the top surface of the 

ceramic plate, and the resulting elliptical beam spot.  The major diameter of the ellipse is 

19.1 mm, a 4% increase from the minor diameter of 18.3 mm. The resulting aspect ratio of the 

ellipse is 1:1.04. 

 
Figure 80: Side profile of diverging laser beam (a), and profile of beam spot on surface of 

workpiece (b), created in the CAD program SolidWorks. 

a. b. 
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