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Abstract

Understanding the underlying physics of laser welding and metal additive manufac-

turing (AM) is crucial to the advancement of laser-based manufacturing. One aspect

that especially requires careful attention and control is the formation and evolution

of vapour depressions, or keyholes, within the melt pool. The dynamic geometric

behaviour of these depressions is intrinsically linked to the instantaneous energy cou-

pled into the system, and therefore has a dramatic effect on the final properties of

the material. In this work, we combine integrating sphere radiometry (ISR) and

inline coherent imaging (ICI) to simultaneously measure time-resolved absorptance

and vapour depression depth during stationary, high-irradiance laser illumination of

a metal (AISI 316 stainless steel). This allows, for the first time, the exploration

of the complex interdependence between energy coupling and geometry that under-

pins important industrial processes such as laser welding and additive manufactur-

ing. Vapour depression depth measurements are acquired at a rate of 200 kHz and

the time resolution of absorptance measurements is 4.4 µs. Time-resolved data re-

veals a general correlation between vapour depression depth and absorptance at high

laser irradiance, showing that greater depth leads to an increase in absorptance from

about 0.4 up to 0.9. There is also specific correlation with temporal features such

as vapour depression initiation and oscillation frequency during periods of instability.
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An understanding of traditional welding regimes (conduction and keyhole mode) is

enhanced by revealing distinguishing time-resolved features, and a transition mode

is shown that exhibits behaviour of both regimes. Finally, the experimental results

are compared with ray-tracing simulations that provide validation and explanation of

the results, most notably revealing the first experimental observation of an incremen-

tal increase in number of laser beam reflections due to increasing vapour depression

depth. The work presented here provides new insight into the underlying physics of

laser-based manufacturing that can be used to advance progress towards deterministic

control of the process.
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Chapter 1

Introduction

Owing to advances of fibre and disk lasers, the application of lasers within the man-

ufacturing industry has grown rapidly in recent years. Focused laser beams can

precisely apply energy to a confined region, which makes them well suited for fu-

sion applications such as welding and 3D metal additive manufacturing (AM), and

for material removal as during laser cutting. With sufficiently high laser irradiance,

vapourization of liquid metal can lead to the formation of vapour depressions. These

are cavities in the melt pool created when an evaporation recoil pressure first pushes

liquid metal down, then eventually up and away from the point of laser contact [1].

These vapour depressions, commonly referred to as keyholes, can extend deep into

the metal and are often desirable for laser welding applications for their ability to

fuse metal parts together up to 10s of millimetres deep [2–5]. However, instability

of the keyhole can lead to sudden collapses of the cavity walls that can trap vapour,

causing deleterious porosity in the solidified metal [6]. Furthermore, the high recoil

pressure that creates and sustains these keyholes can lead to frequent violent ejection

of liquid metal, leaving spatter on the surrounding virgin metal surface and causing
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under-fill of the fusion zone. This is of particular concern in laser-based metal powder

AM, as ejecta landing on nearby unsintered powder and the formation of pores can

compromise the integrity of the final part [7–9]. For these reasons, deep, narrow key-

hole formation is generally detrimental to the AM process [8] and good AM process

parameters should instead involve a shallow, low aspect ratio vapour depression [10].

In practice, however, recent results show that the line separating these conditions is

very thin and easy to cross [11]. It is clear that the formation and evolution of vapour

depressions is integral to laser metal manufacturing, and its understanding and pre-

cise control is crucial to ensuring high final part quality and widespread industry

implementation.

The difficulty in understanding and controlling vapour depressions in laser metal

processing comes from the complex underlying physics and inherent opacity of the

system. In the tightly confined area surrounding the laser-metal interaction, there

is a steep temperature gradient leading to a rapid transition from solid to liquid to

vapourized metal. The result is a dynamic volume of liquid metal behaving under

the unstable balance of surface tension, hydrodynamic pressure, and vapourization

recoil pressure [12, 13]. The complexity increases once vapour depressions are formed.

The change in geometry allows multiple reflections of the laser beam, dramatically

changing the amount of laser energy being coupled into the metal [14–16]. Efforts to

describe this system analytically or computationally usually employ strategic simpli-

fications with a goal of matching a final calculated output to specific experimental

results with high computational efficiency. This includes no consideration of transient

behaviour and therefore gives no valuable insight on how to control the process in

real-time and cannot accurately predict the formation of defects. These problems
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could be overcome with the development of models that focus on time dynamics

rather than static or steady-state outputs, but this task is frustrated by a lack of

precise, time-resolved experimental data for validation of such models [5, 17, 18].

Recent work towards understanding energy coupling into a metal work piece was

performed using integrating sphere radiometry (ISR) to measure absolute absorp-

tance of laser light by metal during stationary laser welds [16, 19–22]. Time-resolved

absorptance measurements not only confirmed the expected rise in absorptance as

one transitions from conduction mode to keyhole mode, but also observed and quan-

tified important dynamic features such as energy required to melt, energy required

to form vapour depressions, and oscillations in the laser absorptance [16]. Simonds et

al. inferred that many of the features observed in the laser absorptance data were a

result of melt pool dynamics, especially the formation of vapour depressions. Ex situ

cross sections of the welds provided useful estimates for final keyhole depth and melt

pool extent and have historically been the standard method for such measurements,

but are destructive and do not provide time-resolved information. In other work,

high-speed video has been employed to observe and characterize real-time melt pool

behaviour and the formation of denudation zones, but is limited to only viewing the

molten metal surface [23, 24]. High-speed in situ x-ray imaging is capable of ob-

serving real-time melt pool fluid flow and 2D profiles of vapour depression formation

and evolution, but is limited by strict sample requirements and availability of syn-

chrotron light sources [10, 25–28]. Finally, inline coherent imaging (ICI) is a method

that can directly measure one dimensional melt pool and vapour depression depth.

ICI exploits low coherence interferometry to perform high speed measurements of the

position of the metal surface directly at the centre of the incident laser beam. It has
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been integrated with laser processing systems and has successfully measured keyhole

depth in welding and performed defect detection in AM [29–33].

In this work, ISR is combined with ICI to correlate time-resolved absolute ab-

sorptance and vapour depression depth during stationary laser welding. The origins

for temporal features observed in previous time-resolved absorptance data are clar-

ified by direct measurements of the vapour depression depth. The combined data,

along with ray-tracing simulations, are used to provide a rigorous analysis of vapour

depression formation and evolution, dynamic energy coupling, and the intrinsic re-

lationship between them. The results presented here provide unprecedented insight

into the complex underlying physics of the laser welding and AM processes, which

will be highly valuable for future validation of models and simulations.

In Chapter 2, I provide an overview on the physics of the two main areas of laser-

based manufacturing that this work aims to assist, namely laser welding and laser

AM, including the problems that these industries face in controlling and modelling

the physical process. I will give some background on experimental methods used

to observe laser material processing, highlighting their strengths and weaknesses. I

will also describe the operating principles of both measurement techniques used in

this work, giving examples of how they have been previously applied to the field of

laser-based manufacturing.

Chapter 3 describes the experimental apparatus and methods used in this work.

This includes an overview of the processing laser characteristics and pulsed operation

behaviour, a description of the ICI apparatus and brief summary of its data processing

method, and a description of the ISR apparatus with a detailed walk-through of the

required calibration and data processing. I also describe the efforts required to use
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both monitoring techniques simultaneously during laser processing and properly relate

the independent data sets in time.

Chapter 4 describes the results of stationary laser welding experiments performed

with simultaneous monitoring by ICI and ISR. Time-resolved data is presented that

shows the different characteristics of conduction and keyhole mode welding, as well

as the characteristics of the transition mode between them. Keyhole mode welding

is analyzed further by showing that the experimental drilling rate scales linearly

with absorbed irradiance. Temporal features such as correlation and oscillation are

analyzed and presented. Time-resolved data is used to calculate time-averaged data,

revealing increasing trends with coupling efficiency and average vapour depression

depth. Finally, interpretation of the keyhole mode results is assisted by exploration

of multiple reflections using ray-tracing simulations.

In Chapter 5, I summarize the results of the experiment and provide some ideas

for future research directions. Overall, the results show that energy coupling is highly

sensitive to melt pool geometry, and reveal many time-resolved features that have not

been previously observed. The combined experimental methods of ICI and ISR will

be a powerful tool for exploring the physics of laser material processing in the future.
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Chapter 2

Background

2.1 Introduction

Lasers are desirable tools in manufacturing applications for their ability to precisely

apply energy to confined regions. This allows repeatable, targeted fusion of metals

with minimal disturbance to surrounding material. Since the invention of the laser

in the 1960s, lasers capable of processing metal parts have been developed, but it

has been recent advances in fibre and disk lasers that have made them affordable

and widely available to the manufacturing industry. In the rapid and widespread

adoption of laser technology for various manufacturing processes, our knowledge of

the relevant physics has been completely outpaced. For any particular application of

lasers in manufacturing, only a narrow window within an incredibly vast parameter

space will achieve desirable outcomes. These desirable parameters are typically found

through expensive trial and error, and must be repeated for every new process. Efforts

to supplant trial and error with deterministic computer modelling are being made,
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but the lack of knowledge of the underlying physics makes it difficult to create high-

fidelity models. This leads to the core problem that this work aims to solve, which is

the lack of exploratory experiments designed to reveal the underlying mechanisms of

laser material processing.

In this chapter, I provide an overview on the physics of the two main areas of

laser-based manufacturing that this work aims to assist, laser welding and laser AM,

including the problems that these industries face in controlling and modelling the

physical process. I will summarize relevant process monitoring techniques used to ob-

serve laser material processing, highlighting their strengths and weaknesses. Finally,

I will summarize the measurement techniques used in this work and give examples of

how they have been previously applied to the field of laser-based manufacturing, and

also highlight the benefits of combining them for simultaneous measurements.

2.2 Laser Material Processing

2.2.1 Underlying Physics

There is a wide range of techniques and applications that can be considered within the

field of laser material processing, with varying types of lasers and materials. The scope

of this work is limited to processing of metals (e.g., steel, titanium) with continuous

wave (CW) or long-pulse lasers with near-infrared (NIR) wavelengths, and therefore

the description of the physics will be similarly constrained.

In general, a fraction of focused laser light power is absorbed by a sample metal and

the rest is reflected (for sufficiently thick samples, transmission is assumed to be zero).

A basic understanding of laser light absorption can be reached by considering the laser

as a propagating plane wave and the metal as a lattice of atoms with conduction
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electrons acting as a free electron cloud [34]. When a laser beam is incident on the

surface of the metal, the electric field will exert a force on the free electrons, initiating

forced vibration (assuming the frequency of the incident field is below the plasma

frequency of the metal). This phenomenon of the conduction electrons absorbing

energy from the laser radiation is know as the “inverse Bremsstrahlung effect”. The

vibrating electrons will vibrate in phase with each other at the frequency of the applied

field, re-radiating photons of the same frequency in all directions. The sum of this

re-radiated field gives the reflected beam, at an angle of reflection equal to the angle

of incidence. The readiness of free electrons (as opposed to bound electrons) to absorb

and re-radiate photons in this manner limits this process to a shallow depth on the

metal surface (skin depth of iron to 1.06 µm light is 38 nm) [35]. The increase in the

kinetic energy of the free electrons can be interpreted as an increase in the temperature

of the electrons. Heat conduction via these electrons leads to a temperature gradient

decreasing away from the point of laser incidence [36]. Absorption of energy into

the lattice occurs because there is a statistical chance that some of these electrons

will interact with atoms within the metal, causing vibrations in the lattice, known as

phonons. These vibrations can be interpreted as heat within the lattice [37]. Overall,

the temperature within the lattice is the important factor to consider, as the increase

in vibrational energy is what eventually breaks the bond between the atoms and leads

to melting of the solid. While transmission of these vibrations through the lattice

contribute to heat conduction through the system, conduction by electrons is still

the dominant factor [36]. This case of laser heating of solid metal is represented in

Figure 2.1a.

With sufficient laser intensity, shown in Figure 2.1b, temperatures in this region
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Figure 2.1: Summary of laser metal processing conditions over a range of tempera-
tures. (a) Tmax < Tmelt: all laser energy is spent to heat solid metal via conduction.
(b) Tmax > Tmelt: a melt pool is formed that will contain convective flow due to
temperature and surface tension gradients. (c) Tmax > Tvap: evaporation recoil pres-
sure will push melted metal away and out to form a vapour depression. The laser
energy is no longer applied directly at the surface, but now is spread along the vapour
depression walls via multiple reflections.

can rise above the melting point of the metal (approximately 1800 K for steel). Nat-

urally, this causes the metal to melt, creating what is known as a melt pool. A melt

pool typically extends into the metal in the shape of a hemisphere, with width and

depth on the order of the laser beam diameter. The surface of the melt pool also pulls

itself upwards under the force of surface tension into the shape of a shallow dome.

At this point, the energy balance within the metal becomes more complicated. A

temperature gradient on the surface of the melt pool leads to a gradient in surface

tension, which creates Marangoni convection flow near the surface. Temperature gra-

dients inside the melt pool also generate convective flow. There is also conductive and
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convective heat transfer at the liquid-solid boundary. Under these conditions, com-

monly referred to as conduction mode, fusion of metal parts or consolidation of metal

powders can occur within the extent of the melt pool. This is useful for near-surface

joining applications [38, 39].

At even higher laser intensity, shown in Figure 2.1c, the temperature at the surface

of the melt pool can reach the boiling point of the metal (approximately 3400 K for

steel). This leads to a transition from liquid to vapour, and the resulting rapid expan-

sion of gas creates a recoil pressure in the area of evaporation. This recoil pressure

pushes downward on the surface of the melt pool and pushes liquid away, and eventu-

ally up, from the centre of laser incidence via a “piston effect” [20, 40]. This creates

a vapour depression within the melt pool, more commonly known as a keyhole, that

can penetrate deep into the metal. In addition to the energy factors listed above, the

laser energy entering the system must now be spent between vapourizing liquid metal

and pushing liquid metal out of the vapour depression against the forces of gravity

and surface tension. As the vapour depression grows, so too do the forces acting to

close it. In contrast, the recoil pressure acting to keep the vapour depression open

will weaken as the laser energy is spread across a wider surface area due to multiple

reflections of the laser beam. As these opposed forces are near equilibrium, small

advantages towards the forces wanting to close the keyhole will lead to a reversal of

melt flow direction along the cavity wall, leading to fluctuations and protrusions in

the keyhole shape. These interruptions of melt flow out of the keyhole will inevitably

lead to melt flowing back in, causing partial collapses of the cavity. After a partial

collapse, the recoil pressure will take advantage of the reduced forces of gravity and
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surface tension to restart the melt flow out of the keyhole, but will eventually en-

counter the same obstacle and the process will repeat [41]. This unstable, fluctuating

behaviour has been predicted analytically [2, 42] and observed experimentally [10, 11].

Under these conditions, commonly referred to as keyhole mode, fusion of metal parts

can occur along deep, narrow seams, making this useful for applications with large

surface areas to be joined [4, 15, 40].

As described above, the physics underlying laser material processing encompasses

a delicate and complex balance between absorption of laser power and the thermody-

namics and hydrodynamics within the resulting melt pool. As such, the exact amount

of laser power being absorbed into the system at any given time is perhaps the most

important quantity needed to understand and predict how a material will behave

under laser illumination. For most common materials, there are measured values for

absorptance of specific wavelengths (approximately 0.3–0.5 for most steels at 1070 nm

[43, 44]). This gives a good starting value for how much energy will be absorbed in

the process of a single reflection of a laser beam. Other factors to consider include:

the temperature-dependence of absorptance (0.03 increase over 1000 ◦C range from

room temperature for steels [45, 46]), phase (absorptance typically drops going from

solid to liquid due to decreased surface roughness [16]), and angle of incidence (0.1

increase from normal incidence to Brewster angle in steel, much reduced at glancing

angles [37, 47, 48]). Finally, adding the contribution of surface chemistry (i.e. for-

mation of oxides has been shown to double the absorptance in some cases [44]) gives

enough information to describe the absorptance conditions in Figure 2.1a-b. Typical

absorptance values in this regime will range from 0.3–0.5 , rarely exceeding 0.6.
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While the absorptance in conduction mode is relatively straightforward to de-

scribe, the absorptance in keyhole mode is much more complex. The geometry of the

vapour depression allows for multiple reflections of the laser beam, and at each se-

quential point of incidence, a decreasing fraction of the initial laser power is absorbed

by the mechanisms described above. Even for shallow depths, the transition from

primarily 1 reflection to primarily 2 reflections of the laser beam can enhance the

absorptance by 0.24 (assuming 40% absorbed at each reflection). This dramatic rise

in absorptance helps drive the vapour depression even deeper, and a deeper vapour

depression allows even more reflections and higher absorptance. With an average of

only 4 reflections, the absorptance can already be greater than 0.85. Naturally, the

absorptance can only ever approach 1, so there will eventually be diminishing returns

at higher depths. As the total power entering the vapour depression approaches a

steady-state limit, it will come into an unstable equilibrium with the hydrodynamic

forces acting to close the vapour depression (as described above). This will cause

the vapour depression to fluctuate not only in depth, but also in shape, leading to

associated fluctuations in absorptance. In the keyhole regime, it is therefore impos-

sible to model the energy entering the system without considering the geometry of

the vapour depression. The importance of this relationship becomes more apparent

when one considers that both laser welding and laser AM operate under conditions

that create vapour depressions.
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2.2.2 Laser Welding

Laser welding is a relatively mature industrial tool, dating back to the 1970s. What

sets it apart from traditional welding is the ability to form very deep vapour depres-

sions (keyholes), as described above. Instead of fusion primarily at the surface along

a weld seam, high aspect ratio keyholes formed in laser welding allow fusion up to

10s of millimetres deep, with minimal excess heat input to surrounding metal. Many

modern lasers are fairly portable and easily integrated to robotic arms, making them

well suited for an increasingly automated manufacturing industry.

Laser welding does not come without problems. As mentioned above, the process

of finding the correct operating parameters (mainly power, spot size, weld speed, gas

flow) is an expensive endeavor, with respect to both time and money. The main

concern is the final strength of the weld, and in most cases this is directly tied to

its penetration depth. Historically, this could only be tested by cutting open the re-

solidified weld seam along its longitudinal axis to ensure that the correct depth was

maintained for the entire duration. Even after finding parameters that repeatably

achieve and maintain the desired average depth, the dynamic nature of the keyhole can

still create problems. Unstable keyholes can sometimes fluctuate violently, ejecting

material out of the keyhole and onto the surrounding virgin surface (called spatter),

leading to a loss of material (under-fill) in the fusion zone. While fluctuating in shape,

a keyhole can sometimes collapse at an intermediate depth, leading to a trapped

pocket of vapour within the melt pool (known as a pore). Both under-fill and pores

can compromise the strength of a weld. There are more serious concerns, especially

in an industrial assembly line setting—lasers will age and lose power over time, their

focus will drift, contaminants can settle on a crucial lens or on the metal sample
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itself, a slight bump can set things out of alignment—any of these things can change

the system so that the required penetration depth is no longer achieved. This means

that repeated destructive testing must be done in industrial laser welding settings

to ensure desired standards are being met. A minor exception can be made in the

case of full penetration welding, where the back of the weld seam can be checked for

obvious signs of fusion.

Figure 2.2: A schematic diagram of a weld keyhole, cross-sectioned in the plane
containing the process beam axis and the material feed direction. The process beam
is incident from the top, and material feed is from right to left. The process focus is
at the intersection of the white dashed lines. The horizontal aspect of the beam and
keyhole is widened to show detail. From [49].

Figure 2.2 shows a schematic of laser keyhole welding [49]. Most practical imple-

mentations of laser welding are for moving welds (as shown in the figure), while the

experimental work presented in this thesis is for stationary welds. Since this work is

focused on the early stages of vapour depression formation (only the first 10 ms), the

results are still applicable to the general field as the initiation of vapour depressions
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is similar in both cases [10]. Also, practical uses of welds generally fuse two or more

parts together, but in research experiments the added minutia of properly installing

parts to be welded together is commonly avoided by performing bead-on-plate welds.

This is done by simply processing the laser along a single bulk piece of material, and

it is widely accepted that this provides an adequate analog for real welding cases.

2.2.3 Laser Additive Manufacturing

Laser additive manufacturing is a relatively new industry that has been heralded as

part of the next industrial revolution. Parts are made by fusing constituent metal

powder layer-by-layer using a scanning laser. This promises unprecedented levels

of design freedom not afforded by traditional manufacturing methods. For exam-

ple, parts can be manufactured with complex internal channels for heat dissipation,

lightweighting, etc., that cannot be achieved with standard milling or cutting pro-

cesses. Also, AM potentially allows consolidation of what might usually require many

separately manufactured pieces fastened together, into one single part completed by a

single manufacturing step. Figure 2.3 shows the general setup for a powder bed laser

AM system [50]. A laser is scanned to “write” the desired shape of the part onto a

bed of metal powder, fusing it together into one solid layer. A recoating mechanism

then deposits a fresh layer of powder on top, and the process repeats.

While AM promises a bright future, in pragmatic terms the industry is still quite

far from reaching a suitable level of quality assurance for widespread uptake. In

contrast to keyhole welding, good parameters for AM do not typically include a deep,

narrow vapour depression, as any resulting spatter would disturb the powder bed and

lead to defects that propagate through subsequent layers, and the formation of pores
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Figure 2.3: Generic illustration of an AM powder bed system. From [50].

could compromise the strength of the part. While it was generally accepted that

keyholes in AM should be avoided, the ideal melt pool conditions at the point of laser

beam incidence were not known. Instead, extensive parameter sweeps are performed

until the final part is created within acceptable tolerances. Considering the time it

takes to make an additive part, and all the potential failure modes (e.g., high porosity,

final shape outside tolerance, intra- and inter-layer cracking, high residual stresses in

the microstructure), this is even more expensive and time consuming than the trial

and error performed for laser welding applications. Even when this process works, it

only considers the input parameters and what final part they produced, completely

ignoring the physics that is happening during the build process. Only recent literature

has shown that “good” AM parameters produce a long, shallow vapour depression

trailing behind the laser beam as it scans [10, 11].

There is an urgent need for the ability to control vapour depressions in AM, as

recent literature has shown that common scanning patterns used industry-wide will
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often lead to a transition from shallow to deep vapour depressions, even when using

pre-defined “good” parameters [11]. The goal of this work is to assist with this

goal by exploring the dynamics of the vapour depression through stationary welding

experiments. While there is an obvious difference between building full AM parts

and performing stationary welds on a bare substrate, vapour depression behaviour

has been shown to be similar regardless of surface conditions (layer of powder versus

bare substrate) [10].

2.3 Relevant In Situ Monitoring Techniques

Significant efforts to monitor the laser welding and laser AM processes in order to

improve our understanding and reduce the requirements for destructive testing have

been made. Monitoring the size and shape of the melt pool or vapour depression can

be useful for identifying structural defects as they form [23]. If a defect is detected

in real-time, the part can be thrown out ad hoc rather than being used in a product,

or even better, the part can be saved by correcting defects on-the-fly. Monitoring

temperature or absorptance of the material during laser processing can give insight

into the resulting microstructure within the fusion zone, which is crucial for predict-

ing final part properties [51]. With enough in situ data, our understanding of the

processes may even grow to the point of developing deterministic modelling, which

could allow high-quality parts to be made on the first attempt.

One obstacle that any real-time monitoring tool for laser material processing must

overcome is the rapidly changing dynamic nature of the system. As described above,

the conditions within the vapour depression can fluctuate rapidly (on the order of

10s of kHz [10, 16, 52]). To capture time-resolved features, such as changes in vapour
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depression depth and shape, monitoring techniques must be able to collect data at

least as fast, even faster if the goal is for on-the-fly correction, and as fast as possible

if the goal is to explore underlying physics.

Focusing on efforts to monitor melt pool and vapour depression shape, techniques

that can measure with sufficient speed still have problems to overcome. One of those

problems is the opacity of metals; any techniques that aim to see the melt pool or

vapour depression profile will have trouble seeing through the sample due to the

shallow skin depth of steel. Ultrahigh-speed x-ray imaging is a relatively new tech-

nique that can overcome this obstacle by using the extremely high x-ray flux of a

synchrotron source to see through thin metal samples (100s of µm thick) while they

are being welded [10, 25–28]. This gives the capability of observing real-time melt

pool fluid flow and 2D profiles of vapour depression formation and evolution, but is

limited by the availability of synchrotron light sources and the strict sample require-

ments raise doubts on the general applicability of the results. Another obstacle is

the high absorptance of vapour depressions. Any methods aiming to observe vapour

depressions from above will have to contend with the fact that > 90% of imaging

light entering might be absorbed. High-speed video is an example of such a method,

and has been employed to observe and characterize real-time melt pool behaviour

in welding and powder behaviour in AM. However, it is limited to only viewing the

molten metal surface and cannot see into vapour depressions due to high absorption

of the imaging light [23, 24].

Most techniques that aim to monitor laser energy absorptance fail the demanding

speed requirements. Common methods instead rely on calorimetry to measure an

overall rise in temperature and then calculate an average coupling efficiency [53–56].
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A method to make dynamic measurements of absolute absorptance at high-speed

(up to MHz) using an integrating sphere has been developed and implemented by

several researchers [16, 19–22]. This technique, here referred to as integrating sphere

radiometry (ISR), was used in recent work by one of my collaborators to reveal time-

resolved features of absorptance in stationary laser welding [16]. Their results lacked

time-resolved measurements of melt pool shape or depth in order to explain some of

the observed dynamics—instead relying on static, destructive methods to ascertain

only maximum penetration depth. The work in this thesis aims to use ISR with inline

coherent imaging (ICI), a technique to measure vapour depression depth in real-time

with high-speed (up to 312 kHz), to provide accompanying measurements of vapour

depression geometry for the measurements of absorptance. I will now describe the

operating principles of both of these techniques.

2.3.1 Integrating Sphere Radiometry

Integrating sphere radiometry is used to perform real-time absorptance measurements

in this work. In principle, a metal work piece to be welded is surrounded by an

integrating sphere. All off-axis light scattered from a laser weld will interact with

the interior surface of the sphere. The surface is painted to be a diffuse scatterer,

and in theory will evenly distribute light across the entire surface. Through careful

calibration, a small fraction of this light collected through an optical fibre can be used

to calculate the total amount of power scattered into the sphere. By comparing to

the known laser power incident on the work piece, the power absorbed, and therefore

the absorptance, can be calculated. This process is described in detail in Chapter 3

and in recent work [16].
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2.3.2 Inline Coherent Imaging

Inline coherent imaging is an interferometric measurement technique based on low

coherence interferometry, initially developed by former group member Paul Webster

[57]. Further work was performed by former group member Chris Galbraith to ap-

ply the technology to keyhole welding [49], and by former group members Jordan

Kanko and Allison Sibley to apply the technology to additive manufacturing [58, 59].

Multiple papers have also been published that cover the necessary background and

capabilities of ICI [29–31, 60]. With this in mind, only a brief description will be

given here.

Imaging light from a broadband source is coupled into a fibre-based Michelson

interferometer. One arm of the interferometer is combined coaxially with a processing

laser and is directed towards the work piece (the sample arm), while the other arm is

coupled into free space and reflected at normal incidence from a flat, static mirror (the

reference arm). During laser processing of metals, light from the sample arm scatters

off the metal sample at the point of processing laser incidence, and is recoupled into

the optics and recombined with the reference arm light. The recombined light is sent

to a line camera spectrometer that analyzes the interference pattern and extracts the

path length difference between the two arms. As the conditions at the metal surface

change during laser processing, the measured path length difference will also change,

revealing the dynamic nature of the melt pool and vapour depression geometry. This

technique allows the depth of a vapour depression to be tracked with micron precision

at a rate of 200 kHz. The high sensitivity of ICI (greater than 90 dB) allows it to make

measurements in a variety of conditions, from highly reflective polished metal surfaces

to high absorbing vapour depressions during welding.
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Figure 2.4 shows an example of the interference pattern captured by the spec-

trometer (interferogram) and an example measurement of intensity as a function of

path length difference, known as an amplitude line (A-Line). The process to extract

an A-Line from an interferogram starts by converting the interference pattern from

wavelength space to k-space (k is the corresponding wave vector), as the spacing

between the fringes in k-space is inversely proportional to the path length difference

between the two arms and the amplitude of the fringes is proportional to the inten-

sity of coherent interfering light. A fast Fourier transform (FFT) along with other

post-processing steps (see [49, 57–59]) is therefore able to extract the intensity as a

function of path length difference. This is used for other applications of low coher-

ence interferometry, but previous group members found that it is too slow to allow

real-time feedback during laser processing. As a result, a method was developed that

generates a matrix of synthetic interferograms for possible depths and then mixes

the raw interferogram into this matrix using a homodyne filter algorithm to extract

the A-Line [30]. This method is orders of magnitude faster than the FFT method in

all tested use cases, and is the current method implemented by the data collection

software used in this work.

Figure 2.5 shows a visual representation of the process to go from multiple A-

Lines collected over time to time-resolved depth tracked data. All post-processing

steps were developed by previous group members and can be found in previously

cited theses [58, 59]. Note that measurements of depth are made relative to the

initial path length difference. This data is taken from the first 1 ms of a stationary

weld performed with an average irradiance of 0.921 MW/cm2 which will be presented

in Chapter 4.



2.4. DEVELOPMENT OF MODELS AND SIMULATIONS 22

Figure 2.4: An example interferogram (left) and an example A-Line (right) for a
single interface at a path length difference of 250 µm. Generated by a simulation of
my own design.

Figure 2.5: Visual representation of a sequence of A-Lines collected at a 200 kHz (left)
and the result of weighted average depth tracking (right). This data is taken from the
first 1 ms of a stationary weld performed with an average irradiance of 0.921 MW/cm2.

2.4 Development of Models and Simulations

Another effort to improve the efficiency of laser material processing is done through

modelling. The ideal model would simply accept the final properties of the part you

want to make and tell you the exact parameters that will produce that part. However,
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laser material processing is a complex system to understand, let alone describe by a

handful of equations or reproduce accurately in a simulation. Efforts to describe

this problem of fluid dynamics, heat transfer, and light-metal interaction (shown in

Section 2.2.1) analytically or computationally usually employ strategic simplifications

with a goal of matching a final calculated output to specific experimental results with

high computational efficiency, with less emphasis on transient fidelity. This limits

model predictions to being empirically tailored to specific machines and processes,

with little transferable value to the general field [51]. They also rarely contain any

deterministic prediction of defect formation [61], which is vital for predicting part

reliability and performance. These problems could be overcome with the development

of models that focus on time dynamics rather than static outputs, but this task is

frustrated by a lack of precise, time-resolved experimental data for these models to

compare to [5, 17, 18]. This work aims to solve this lack of data.

2.4.1 Ray-Tracing Model

This work employs a ray-tracing model previously developed by collaborator Wenda

Tan (University of Utah) to estimate absorptance in the stationary laser welding pro-

cess. Ray-tracing is a standard method to estimate energy coupling in thermophysical

models of laser welding and AM. Usually, a keyhole shape is generated through sim-

ulated thermodynamics and fluid flow, then ray-tracing is used to find a distribution

of energy absorbed on the keyhole wall. Next, changes in shape due to the resulting

fluid dynamics is calculated, and the process repeats [5]. In this work, ray-tracing

simulations are used to calculate total absorptance for stationary keyhole shapes. By

comparing this to experimental results, the validity of this modelling approach can
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be tested. The details on this model (provided by Wenkang Huang, edited by myself)

are found below.

A laser beam with known power, spot size, and position, is divided into a finite

number of rays (178 000 in this case), as shown in Figure 2.6. As the rays travel into

the keyhole, they are reflected multiple times until they escape. At each reflection,

the laser power in the rays is partially absorbed by the keyhole wall. The shape of the

keyhole is static in this case, chosen to match experimental observations of keyhole

geometries [10] (see Chapter 4.6). The details of this model are given in previous

work [14, 62, 63].

Figure 2.6: Schematic diagram of the ray-tracing model. Courtesy of Wenkang Huang.

For each ray, the trajectory is explicitly tracked based on the assumption of linear

ray transmission and the law of light reflection: [14, 64]

~R = ~I + 2(−~I · ~N) ~N, (2.1)

where ~N is the unit vector of the surface normal direction, ~I is the unit vector of
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the ray direction, and ~R is the unit vector of the reflected ray direction. At each

reflection, the laser power is absorbed into the keyhole wall based on the material’s

laser absorptivity. The total absorptance can be calculated according to

A =
N∑
i

Mi∑
j

pijα(θij), (2.2)

where A is the laser absorptance, N is the total number of rays, Mi is the i-th ray’s

total incident/reflection count in the keyhole, pij is the local laser power of the i-th

ray’s j-th incidence/reflection, and α(θij) is the local Fresnel absorption coefficient of

the i-th ray’s j-th incidence/reflection, which depends on the angle, θij, between ~I and

~N . The Fresnel absorption coefficient also has dependence on the properties of the

material and the wavelength of the laser [47, 48, 65]. In Figure 2.7, α(θ) is calculated

for 1070 nm light on ANSI 316 stainless steel at its liquidus melting temperature and

boiling temperature. These calculations were performed by my collaborators, Wenda

Tan and Wenkang Huang.
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Figure 2.7: The absorption coefficient of AISI 316 stainless steel as a function of in-
cident angle at its liquidus melting temperature and boiling temperature. Calculated
from [47, 48, 65] for 1070 nm unpolarized light. Courtesy of Wenkang Huang.
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Chapter 3

Experimental Methods

3.1 Introduction

This chapter describes the experimental apparatus and methods used in this work.

This includes an overview of the processing laser characteristics and pulsed operation

behaviour, a description of the inline coherent imaging (ICI) apparatus and brief

summary of its data processing method, and a description of the integrating sphere

radiometry (ISR) apparatus with a detailed walkthrough of the required calibration

and data processing. The laser material processing station and original ICI system

were developed by former group member Paul Webster [57]. Adjustments to the

system to allow transverse control of the ICI imaging beam were later carried out

by former group member Chris Galbraith [49]. The design of the ISR system was

performed by Brian Simonds and Jack Tanner at NIST. Integration into the existing

laser processing and ICI systems was performed by myself here at Queen’s. The efforts

required to use both monitoring techniques simultaneously during laser processing and

properly relate the independent data sets in time are described.
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3.2 Processing Laser

Stationary laser welds were performed using a 3-module, 1 kW Yb-doped fibre laser

with a 100 µm core delivery fibre and a centre wavelength of 1070 nm (IPG YLR-

1000-IC). The polarization of the output beam is reported as random. A 150 mm

focusing optic (Laser Mechanisms: PLYFS0013) housed in a laser machining head

(Laser Mechanisms: AccuFiber) is used to focus the processing laser beam to a 1/e2

radius of 119 µm. The focused beam has an M2 value of 9.8 and a Rayleigh length

of 4.23 mm. These characteristics were measured using a scanning slit optical beam

profiler (Thorlabs BP-209-VIS). Even at its lowest power (60 W), the laser beam

needed to be significantly attenuated to avoid damaging the profiler. A dichroic mirror

was placed in the beam path, reflecting 99.8% of 1070 nm laser power. Measurements

of the 1/e2 beam radius along the x and y profile were made in several planes along

the propagation direction of the beam, and the average of these were fit to the general

beam propagation equation,

w(z) = w0

√
1 + (z − z0)2

(
M2λ

πw2
0

)2

, (3.1)

where w(z) is the 1/e2 radius as a function of z, z is the position along the direction

of propagation, w0 is the radius of the beam at its smallest point (at the beam waist),

z0 is the position of the beam waist, M2 (beam quality factor) measures the degree

to which a beam varies from an ideal Gaussian beam, and λ is the wavelength of the

laser. This fit is shown in Figure 3.1, along with the important fit parameters.

In this work, precise knowledge of laser parameters in pulsed operation is required

to perform ISR measurements. The focus of this work is the initial stage of vapour



3.2. PROCESSING LASER 29

Figure 3.1: Processing laser beam radius measurements taken at multiple points along
the direction of propagation. Fit parameters are reported on the right.

depression formation, so a nominal pulse duration of 10 ms was chosen for all exper-

iments. Measurements of pulse energy and shape were performed for 10 ms nominal

duration pulses, with all three laser modules active, over the range of conditions to be

used in the experiment. Average pulse energy was measured from ten pulses using a

commercial energy meter (borrowed from NIST) with a confirmed uncertainty of 3%,

and the pulse shapes were recorded using a photodiode (Thorlabs DET100A) posi-

tioned to measure scattered laser light off of the energy meter during a single trial.

These pulse shapes are well approximated by a single square pulse and are used to

calculate the actual pulse duration (taken as the time between 50% amplitude points)

and are used later for the ISR measurements (see Section 3.4.2). The shorter pulse

durations at lower laser current come from a delay from trigger for laser turn-on that

is largest at lower currents. There was no noticeable difference in the rise time or fall

time of the pulses. The measured pulse energy and pulse duration are then used to

calculate the average power of each pulse. Figure 3.2 summarizes these measurements
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as a function of laser current.

Figure 3.2: (a) Measured pulse energy, (b) measured pulse duration, and (c) calcu-
lated average power, as a function of laser current for 10 ms nominal pulses.

3.3 Inline Coherent Imaging

3.3.1 Apparatus

Figure 3.3 displays the experimental setup for the ICI system used in this work. The

original light source used by previous group members (Superlum BLM-S-840-G-I-

30) was refurbished to replace the aged superluminescent diode (SLD) with a new

one with similar specifications. The new SLD has a centre wavelength of 841 nm, a

bandwidth of 32 nm, and nominal output power of 15 mW after coupling into fibre.

The light is split into a sample arm and reference arm by a 50/50 fibre-based beam

splitter (Thorlabs FC850-40-50-APC), and both arms after the splitter contain fibres

from a matched-length pair. The sample arm light is coupled into free space by

a collimator (OZ Optics HPUCO-23A-840-S-20AC) and is directed through a set

of XY galvanometers (SCANLAB SCANcube 7), then combined coaxially with the

processing laser via a custom dichroic mirror. It is focused using the same optics as the
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processing laser, leading to a 1/e2 diameter of 49 µm (measured using Thorlabs BP-

209-VIS beam profiler), which defines the transverse resolution. The reference arm

light is also coupled into free space where it reflects off of two gold mirrors and travels

through a dispersion compensating optic and is focused onto a final gold mirror, all

to replicate the optical conditions and dispersion characteristics of the sample arm.

Light reflected from both arms is recombined at the beam splitter and half is sent

to the spectrometer, while the other half is sent to the capped path of the circulator

(AC Photonics PIOC383P22111). The spectrometer consists of a collimator (OZ

Optics HPUCO-2-A3A-840-S-75AC) that couples the light into free space, which then

interacts with a transmission diffraction grating (Wastach WP-HD1800/840-35X45)

that splits the light by wavelength and directs it onto the high-speed line camera

(Basler Sprint spL4096-140km). Depending on the path length difference between

the two arms, different wavelengths in the recombined broadband light will interfere

in a distinct pattern. This interferogram can be used to extract the path length

difference between the two arms. The spectrometer is calibrated by coupling light

from an argon lamp into the optics and mapping NIST measured wavelength peaks

of argon (about twelve are resolved) to pixels on the line camera. The ICI system

can extract sample height at a rate of 200 kHz, with an axial resolution of 15 µm.

3.3.2 Data Processing

Sequential ICI measurements produce time-resolved data for back-scattered intensity

as a function of path length difference, or time-resolved A-Lines. The process used

to track depth over time from this data has been described in detail in previous work

[49, 58], and so only the main points will be summarized. Back-scattered intensity
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Figure 3.3: Experimental apparatus for the ICI system used in this work. (SLD: Su-
perluminescent Diode. PC: Polarization Control. FC: Fibre Collimator. M: Mirror.)

from a solid or liquid metal interface is much higher than anything else in the beam

path that may cause back-scatter of the imaging light (such as smoke, metal vapour,

or dust), and so it is generally assumed that the path length difference with the highest

measured intensity represents the position of the metal sample surface. By tracking

the path length difference of these brightest features over the duration of a laser weld,

the depth of the weld can be found by considering the change relative to the initial

measured path length difference. In some cases, the back-scattered intensity from the

metal sample is too low to distinguish from the noise floor of the system. These are

called “dark” A-Lines, and the depth is not tracked for these points. As a result, the

ICI depth data becomes sparse under difficult imaging conditions (e.g. tilted specular

surfaces, vapour depression formation).
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The axial resolution reported above refers to the ability to distinguish two adjacent

interfaces, and therefore may lead the reader to underestimate the ability of ICI to

track a single interface. Using the same data processing technique used to track depth

for the rest of this work, a single stationary interface can be determined within 600 nm.

This is found as the standard deviation of the measured position of stationary metal

substrate over 30 s.

3.4 Integrating Sphere Radiometry

ISR was used to perform real-time absorptance measurements in this work. In prin-

ciple, the sphere is able to collect and measure all off-axis light scattered from a laser

weld. By comparing to the known laser power incident on the work piece, the fraction

absorbed can be calculated. Expertise and equipment for this technique was gained

through a collaboration with NIST in Boulder, Colorado, mainly with Brian Simonds.

I was given the opportunity to spend a week at NIST to be trained on this technique

and Simonds was later invited back to Queen’s University for a week to help perform

the collaborative experiment. The working principle and calibration method of ISR

is described in detail below, along with adjustments I made to adapt the technique

to our existing ICI-enabled laser welding setup.

3.4.1 Design

The sphere was designed by undergraduate student Jack Tanner (NIST), with input

from myself for the addition of novel modular gas flow ports. The sphere was 3D

printed at NIST from black PLA plastic in two halves. The bottom half includes a

sample port with an aperture diameter of 5 mm, a fibre port with an FC/PC (ferrule
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connector/physical contact) adapter, a baffle to shield the fibre port from direct

reflections, and a built-in mounting bracket. The bottom half also has two modular

slots that can be replaced to add ports for gas flow or exhaust. The top half includes

the incoming light port with a diameter of 7.5 mm. When the halves are combined,

the incoming light port at the top is inline with the sample port at the bottom. The

interior diameter of the sphere is 76 mm. After receiving the sphere, I coated the

interior surface of both halves with a commercial flat white spray paint, creating a

diffuse reflective surface. A picture of both halves of the sphere is shown in Figure 3.4.

Figure 3.4: Labelled pictures of the top (left) and bottom (right) halves of the inte-
grating sphere.

The full optical setup required to perform radiometry measurements was con-

structed by myself at Queen’s. A multi-mode fibre with a 400 µm core (Thorlabs

M124L02) is connected to the FC/PC port on the sphere. A fraction of the light

scattered inside the sphere is coupled into the fibre, which directs the light to a colli-

mator which couples it back into free space. At this point the light passes through an

ND 0.3 filter, which is used to compensate for the lower powers used in the calibra-

tion process (see Section 3.4.2). The light is then focused by a lens with focal length
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100 mm onto an adjustable gain, silicon photodiode (Thorlabs PDA100A), which has

a 1070 nm laser line filter attached. The laser line filter ensures only light from the

processing laser is measured by the photodiode. The rise time of the photodiode at

the gain setting used in this work (40 dB) is 4.4 µs. The output of the photodiode

is recorded by an oscilloscope (Tektronix DPO-3034), which is controlled by my own

custom LabView program.

Recent work with this method [16], for welds on the same material used here, in-

cluded a photodiode inside the weld head designed to measure any specular reflections

of the processing laser exiting through the top of the sphere. It was found that signal

measured by this photodiode is only meaningful for a short time at the start of a weld

and quickly drops to negligible levels. For this reason, and to avoid interference with

ICI capabilities, a head photodiode was not included in this experiment. Instead,

an appropriate amount of absorptance data (up to 400 µs at most, 100 µs at least) is

excluded from the start for each weld. This is explained further in Section 3.4.3.

Figure 3.5: Experimental apparatus for the ISR system. (FC: Fibre Collimator. ND:
Neutral Density.)
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3.4.2 Calibration

The goal of calibrating the integrating sphere is to find the relationship between power

scattered onto its surface and signal measured at its photodiode, described below by

Equation 3.2,

Psphere = C · Ssphere, (3.2)

where Psphere is the absolute power scattered onto the interior sphere surface, Ssphere

is the signal measured at the photodiode, and C is the calculated calibration constant

with units of W/mV.

Calibration is generally required before each weld trial, as smoke, vapourized

metal, or liquid metal spatter will settle on the surface of the sphere during welds and

slightly alter its reflective capabilities. The process starts by replacing the weld sample

with an electrochemically plated, diffuse, gold-metallic reflectance target (Labsphere

UIRT-94-020), which is a scattering target designed for integrating sphere applications

and has a well-known reflectance value at our given wavelength (Rcal = 0.9342 @

1070 nm). A diffuse scattering sample is used because it spreads the incident light

onto the surface of the sphere in a repeatable manner. Pulses with the same nominal

duration as those used in the stationary welding experiment and with known average

power are incident on the sample and the average signal measured at the photodiode

is recorded. Since the scattering target has a relatively low damage threshold, the

same powers used for welding could not be used in the calibration process. A series of

low power pulses to be used in calibration were characterized through measurements

of pulse energy and pulse duration at lower laser current values. To ensure these

lower powers still give photodiode signal that covers the same range expected for the

welding experiments, the attenuation filter is removed from the path of the light to
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the photodiode. The ND value, measured from multiple trials at different powers as

0.490 ± 0.002, is then incorporated into the calibration factor later. It was desirable

to calibrate over the largest signal range as possible, so additional points at lower

power were achieved by using fewer than three modules of the laser at the lowest

current setting. An example set of calibration data taken before a weld is displayed

below in Table 3.1.

Current [%] Pulse Energy [J] Pulse Duration [ms] Average Power [W] Signal [mV]

10 (Mod. 1) 0.179 9.81 18.2 122
10 (Mod. 1,2) 0.351 9.81 35.7 248
10 (All Mod.) 0.523 9.81 53.3 368
11 0.621 9.84 63.1 442
12 0.732 9.86 74.3 516
13 0.833 9.87 84.3 586
14 0.934 9.89 94.4 648
15 1.03 9.90 104 720

Table 3.1: Example calibration data used to find power as a function of photodiode
signal for the ISR system.

From the data above, C is calculated as the slope to a linear fit of average power

vs. signal, corrected for the reflectance of the calibration target, shown in Figure 3.6.

Over the course of 13 stationary welds on steel samples, the accumulation of residue

on the surface of the sphere caused this calibration factor to change by less than 2%.

3.4.3 Data Processing

With the calibration factor in hand, the time-resolved signal measured by the sphere

photodiode during a stationary weld can be converted to time-resolved power scat-

tered by the metal sample using Equation 3.2. The power absorbed by the sample

during welding, Pabs(t), is then found by subtracting the power scattered into the
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Figure 3.6: Measured average signal corrected for reflectance of calibration sample
(blue circles) for pulses with known average power. The calibration factor is found
as the slope to a linear fit (dashed line).

sphere from the input power, Pin(t),

Pabs(t) = Pin(t) − Psphere(t). (3.3)

The time-dependence of Pin is generated by normalizing the measured pulse shapes

(described in Section 3.2) such that integrating over the pulse equals the measured

energy. To subtract the reflected power from the input power, the two time-resolved

data sets must be properly aligned in time. The common feature used to synchronize

both data sets was the moment of laser shut-off, as it consistently appeared as a

sudden and sharp decrease in signal. Once Pabs(t) is calculated, the absorptance,

A(t), is found as the ratio of power absorbed versus the input power,

A(t) =
Pabs(t)

Pin(t)
. (3.4)
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An example of this process is displayed in Figure 3.7, for a weld performed with

irradiance of 0.580 MW/cm2. The unrealistic values of absorptance at the beginning

of the weld come from the lack of a photodiode in the weld head. In the very brief time

before melting, most of the laser light will escape through the top of the sphere and

therefore not be measured by the sphere photodiode. This leads to an underestimation

of the power scattered. At the very earliest moments, while the laser power is rising,

the signal level in the sphere will still be at its noise floor, which after normalization

will give some small negative values. After subtracting, this will lead to estimates

for power absorbed that are larger than the input power, which is impossible. After

the melting point, light lost through the top of the sphere reduces dramatically and

becomes negligible [16]. Therefore, data is removed from the start of each weld,

defined as the point where the absorptance begins to rise the second time. The

absorptance is also shown to drop at the end of the weld, and this is because the

data displayed is for the full nominal 10 ms, but, as shown above, the actual pulse

durations are shorter than that. The sharp drop in measured power absorbed can be

attributed to the fall time of the laser. For the results included in Chapter 4, data

during this fall time is excluded.

3.5 Simultaneous ICI and ISR Measurements

The physical implementations of the two measurement techniques complement each

other well, and this comes from the difference in what each technique is trying to mea-

sure. ICI relies on imaging light scattering on-axis, while ISR is focused on collecting

all machining laser light scattering off-axis. By looking for different wavelengths in

different places, the two monitoring systems of the combined apparatus, by design,
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Figure 3.7: (a) Measured, calibrated curves for incident power (orange) and scattered
power (blue), along with calculated curve for absorbed power (purple). (b) Absorp-
tance as a function of time. All for an example weld performed at 0.580 MW/cm2.

do not hinder each other (Figure 3.8). The only small exception is that the collection

angle of the ICI system is reduced slightly by the presence of the sphere, since light

travelling from the bottom of the sphere theoretically can only escape through the top

aperture via a cone with a half angle of 2.8◦, which is slightly smaller than the mea-

sured collection angle of 3◦ (measured by current group member Tristan Fleming).

This means some imaging light from the sample that would otherwise be collected

into the spectrometer might be blocked by the sphere. This would manifest as a slight

reduction in back-scattered intensity and a slightly higher occurrence of lost signal.

To test this, the percent of dark A-lines in the ICI data in the keyhole regime was

compared to similar experiments performed without the presence of the sphere and

found to be in close agreement (approximately 60% in both cases). Based on this,

we concluded that the presence of the sphere does not have a significant effect on the

ICI data.

The triggering for data acquisition involves a single PSO (position synchronized
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Figure 3.8: Combined experimental apparatus for both ICI and ISR systems. (SLD:
Superluminescent Diode. PC: Polarization Control. FC: Fibre Collimator. M: Mirror.
ND: Neutral Density.)

output) pulse that is split to two paths, one that goes to immediately trigger the ICI

system, and the other that passes through a function generator with a 1 ms delay. This

second path is split again to trigger the machining laser and the integrating sphere

photodiode. The delay for the laser turn-on is to account for an approximately 300 µs

delay in the ICI data collection software between receiving a trigger and starting data

acquisition. Without this delay, ICI data collection consistently misses the start of

laser illumination.

Overlaying the two independent measurements correctly with respect to time re-

quires finding related temporal features between the two data sets. As mentioned

above (Section 3.4.3), the integrating sphere data is easy to match with the end of

the laser pulse. This allows the absorptance data to be intrinsically related to the

timing of the laser pulse. The ICI data by comparison has no explicit connection to
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the laser turn-on or shut-off, aside from the changes to the material that the laser

light is inducing, such as melting leading to changes in intensity or vapourizing lead-

ing to changes in depth. However, the timing of these features will change with the

power of the laser and are not easily related back to laser turn-on or shut-off, so

the exact timing for the ICI data cannot be accurately found from the experimental

data itself. Therefore, separate measurements of laser turn-on time using ICI were

performed using a sample of ZAP-IT R© paper. ZAP-IT R© paper has a matte black

top surface that easily absorbs laser light, with a bright white layer underneath. The

main use case is producing images of laser beam shape for short, low energy pulses.

In this case, by exceeding the energy threshold by over two orders of magnitude, it

is assumed that the black layer is ablated instantly as the laser turns on. The black

layer gives much lower back-scatter intensity compared the white layer, and so it is

possible to distinguish when the top layer is ablated within a single measurement cy-

cle using ICI (5 µs). These measurements were performed using the same triggering

configuration and laser powers as in the actual experiment, and are used to relate the

associated ICI data from welds at the same power to the laser turn-on time. Since

the absorptance data is related to the end of the laser pulse and the ICI data is now

related to the start of the laser pulse, the measured pulse duration at each power is

then used to properly overlay the data sets together in time.

3.6 Sample Preparation

Samples of AISI 316 stainless steel (NIST SRM 1155a [66]) were prepared using the

same procedure described in [16]. To summarize, small disks 11 mm in diameter and

2 mm thick are cut from a bulk sample. They are then polished with sand paper using
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a repeatable process and washed with a mild detergent solution and air blown dry

before welding. The use of a standard reference material (SRM) is important to this

work because its composition has been verified and will remain within tolerances for all

measurements. Also, this SRM has well known thermophysical properties, making it

a desirable material to include in development of models of the laser melting process.

Data from this work can be used to inform such models, as their outputs can be

compared to these results for fidelity.
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Chapter 4

Results

4.1 Introduction

This chapter describes the results of stationary laser welding experiments performed

with simultaneous monitoring by ICI and ISR. Time-resolved data is presented that

shows the different characteristics of conduction and keyhole mode welding, as well

as the characteristics of the transition mode between them. Keyhole mode weld-

ing is analyzed further by showing that the experimental drilling rate scales linearly

with absorbed irradiance. Temporal features such as dynamic correlation of depth

and absorptance and oscillation of both quantities are analyzed and presented next.

Time-averaged data also reveals positive correlation between coupling efficiency and

average vapour depression depth. Finally, interpretation of the keyhole mode results

is assisted by exploration of multiple reflections using ray-tracing simulations. The

experiment was performed by myself and Brian Simonds (NIST) at Queen’s Univer-

sity. I completed the data analysis and generated all figures, and led interpretation of

the data with input from all collaborators. Ray-tracing simulations were performed
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by Wenda Tan and Wenkang Huang (University of Utah) with additional analysis

provided by me.

Stationary laser welds were performed in atmosphere on polished samples of the

NIST standard reference material (SRM) for 316 stainless steel (SRM 1155a) [66].

The laser used was a 1 kW ytterbium-doped fibre laser. Single laser pulses of 10 ms

each were applied over a range of irradiance values that encompassed conduction

through keyhole mode conditions (0.234–0.921 MW/cm2). Simultaneous measure-

ments of vapour depression depth and absorptance were performed by combining ICI

and ISR. More details on the experiment can be found in Chapter 3.

4.2 Time-Resolved Depth and Absorptance

Figure 4.1 shows select time-resolved depth and absorptance data across irradiance

levels exhibiting conduction mode to keyhole mode weld behaviour. Note that a

depth of 0 µm corresponds to the virgin metal surface. Positive depth means that the

surface is moving down into the work piece and a negative depth is upwards toward

the laser source. Data is omitted from the start of the absorptance curves. At the

start of laser illumination, most of the laser light reflects back into the welding head

and is not collected by our apparatus (see Chapter 3). This effect is generally short

lived and therefore does not affect the rest of the data, as documented in [16]. The

effect is reduced at higher irradiance, so the amount of data omitted decreases with

increasing irradiance (from 400 µs at most to 100 µs at least).

At low irradiance, shown in Figure 4.1a, the absorptance rises for the duration

of the weld, from initial values around 0.3 to maximum values around 0.5. This is

consistent with the conductive heating of liquid steel, as the steady rise in absorptance
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can be accounted for by a combination of the temperature dependence of absorptance

of steel [45, 46], the formation of oxides on the surface after melting [38, 44], and

spontaneous surface roughening [67]. Simultaneously, the ICI depth measurements

reveal that the metal surface is rising over time, reaching maximum heights greater

than 80 µm above the initial surface position. This is likely caused by a combination

of local thermal expansion of the metal sample, as well as surface tension effects

and fluid flow in the liquid melt pool [39]. The depth measurements provided by

ICI confirm the assertion of simple conductive heating by showing that no vapour

depression is observed, and therefore the laser beam is likely reflecting only once off

the surface (see Chapter 2.2.1).

At high irradiance, shown in Figure 4.1b, there is a rapid rise in absorptance

at 0.65 ms from 0.3 to about 0.6 followed by frequent fluctuations. The ICI data

reveals an initial slow rise of the metal surface followed by a sudden increase in

depth simultaneous with the rapid increase in absorptance. Together, these data

indicate that a vapour depression has formed. From this point until the end of

laser illumination, most of the depth measurements track the bottom of the vapour

depression to grow from a depth of 100 µm to approximately 250 µm. The data

points above the bottom of the depression likely result from periodic fluctuations of

the sidewalls or material being ejected from the keyhole (both could block the path

of the imaging beam), or partial collapses of the vapour depression itself causing the

actual depth to decrease. Each of these behaviours have been observed by in situ

x-ray [10, 28] and ICI [49]. Sporadic partial occlusion of the ICI beam is supported

by the absorptance data as even though depth appears to occasionally return to the

surface, the absorptance remains relatively high, indicating that a significant vapour
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depression still exists.

Figure 4.1: Time-resolved depth and absorptance data, for irradiances of
0.351 MW/cm2 and 0.520 MW/cm2, exhibiting behaviour consistent with conduction
mode welding (a) and keyhole mode welding (b). Depth measurements are plotted
against the left axis in black. Absorptance measurements are plotted against the right
axis in red. Solid grey fill below depth data is meant as a visual aid.

A major focus of this work is to use concurrent time-resolved depth and absorp-

tance to reveal the dynamics of the transition region between conduction and keyhole

modes. This unstable region can have the greatest deleterious effects in welding and

(AM). Data from stationary welds processed in the transition regime are shown in

Figures 4.2a-c and are described in detail below.

(a) At 0.440 MW/cm2, the initial behaviour of both the absorptance and depth

matches what was observed in conduction mode welds at lower irradiance, until

5.5 ms when the absorptance and depth both begin to oscillate rapidly before

steadily decreasing over the last 3.5 ms of the weld. These behaviours match

what would be expected from the onset of vapourization of the liquid melt pool,

which creates a downward force causing the depth to increase. The reduction

in absorbed laser power can possibly be explained by vapourization-induced
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ablation of oxides [38].

(b) At 0.451 MW/cm2, an irradiance increase of only 2.5%, vapour depression for-

mation can be seen. Similar to case (a), the first 4 ms are consistent with con-

duction mode behaviour. However, at 4 ms the sample surface drops, indicative

of vapour depression formation. Simultaneously, there is a 40% relative increase

in absorptance to over 0.5. This increase in absorptance, and the accompanying

energy input, is insufficient to keep the depression open. After 540 µs, the depth

and absorptance quickly return to their pre-depression values. This process is

repeated less than 1 ms later. Repeated measurements at this irradiance level

showed similar behaviour but with sporadic timing and durations of the vapour

depression formation and collapse.

(c) At 0.456 MW/cm2, a further increase of irradiance of only 1.1%, increased

evaporation recoil pressure forms unstable vapour depressions more frequently.

These depressions also remain open longer, with slightly greater depths (maxi-

mum depth increased by 30 µm) and slightly higher absorptance values (maxi-

mum absorptance increased by 0.03).

This data clearly shows that there is a transition region before stable keyhole

formation that starts with the onset of significant vapourization and occurs over

a narrow range of irradiance values. The hallmarks of this regime are a molten

surface depth that can suddenly, but temporarily, plunge into the base metal with

an accompanying increase in absorbed laser power that tracks with surface depth.

Further increases of irradiance eventually lead to a stable vapour depression that can

be formed quickly and maintained for the duration of laser illumination, as displayed

in Figure 4.1b.
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Figure 4.2: Time-resolved depth and absorptance data, for irradiances ranging from
0.440 MW/cm2 to 0.456 MW/cm2, exhibiting behaviour consistent with transition
mode welding. Depth measurements are plotted against the left axis in black. Ab-
sorptance measurements are plotted against the right axis in red. Solid grey fill below
depth data is meant as a visual aid.

Keyhole mode welding is further explored for higher irradiances in Figure 4.3.

Figure 4.3a shows time-resolved depth and absorptance data for a weld performed

with average irradiance 0.921 MW/cm2. The higher irradiance value leads to an

almost immediate formation of a vapour depression which grows smoothly and rapidly

in depth, accompanied by a sharp increase in absorptance to values greater than

0.8. This initial period, labelled “rapid growth” in the figure, is defined by fitting

the absorptance data to an exponential function and solving for the time when the

function reaches 97.5% of its steady-state value. Following the rapid growth phase, the

rise in absorptance stops at roughly 1.28 ms and begins periodic fluctuations around

a mean value of 0.86. This region is referred to as steady-state as energy coupling

remains stable. The depth meanwhile, continues to grow albeit with a decreased

drilling rate and increasing instability as compared to the early time behaviour.

This relatively stable keyhole behaviour described above was observed for irradi-

ance values above 0.580 MW/cm2. Figure 4.3b displays depth data from the rapid

growth region for four keyhole welds achieved with incident irradiances above this
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Figure 4.3: (a) Time-resolved depth and absorptance data for a keyhole weld per-
formed with average irradiance of 0.921 MW/cm2. (b) Vapour depression depth mea-
surements during the rapid growth period for four keyhole welds. (c) Drilling rates
as function of absorbed irradiance. Blue circles are drilling rates calculated during
the rapid growth period. Green squares are drilling rates calculated for the period of
steady-state absorptance. Black dashed lines are linear fits to the data according to
Eqn. 4.1.

threshold. With increasing irradiance, the duration of the rapid growth period de-

creases and the maximum depth reached during this time increases. This results in an

increase in drilling rate, Vd, which is plotted in Figure 4.3c versus the time-averaged

absorbed irradiance, Iabs, for both the rapid growth and steady-state regimes. Vd is
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quantified for both rapid growth and steady-state regimes by using a linear fit between

the initial and final measured depth in these respective time periods. The average

absorptance in these periods is then used to calculate the absorbed irradiance. This

data demonstrates a linear relationship, which is assumed to be of the form

Vd = kIabs, (4.1)

where k is a proportionality factor with units of m3/J. The rapid growth drilling

rates range from 0.11–0.30 m/s; while the steady-state drilling rates are much lower,

ranging from 0.028–0.051 m/s. Both scale linearly with increasing absorbed irradi-

ance, although the proportionality factor for the steady-state regime is an order of

magnitude lower compared to the rapid growth regime (kSS = 6 × 10−12m3/J vs.

kRG = 6× 10−11m3/J), despite the consistently higher steady-state absorptance. The

fact that drilling becomes more difficult as the vapour depression grows larger is un-

surprising, as there are diminishing returns with respect to the irradiance absorbed

due to multiple reflections and as competing hydrodynamic forces come into effect as

the keyhole deepens (see Chapter 2.2.1). A linear relationship between drilling rate

and absorbed irradiance has been used in a model to predict keyhole behaviour during

continuous wave laser welding [40], which has been recently validated experimentally

[10]. Although all of the assumptions of this model are not directly applicable to the

stationary laser welds studied here, it appears that a linear relationship can also be

used, albeit with two different coefficients for separate time regimes.
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4.3 Frequency-Resolved Depth and Absorptance

The fluctuations in the dynamic vapour depression depth and absorptance in the

keyhole regime are analyzed by fast Fourier transforms (FFT) to compare oscillation

frequency between the two independent measurements, and to see how they both

change with melt pool size. Previously [16], it was found that there were peaks in

the absorptance frequency data that agreed with theoretical predictions for capillary

waves of the weld melt pool. The peaks decreased in frequency with increasing melt

pool size, analogous to the resonances of a drum [68, 69]. Figure 4.4 shows frequency-

resolved data for the last 8 ms of three keyhole welds of different average irradiance.

The depth mean and standard deviation are also reported as these quantities are

closely related to the size of the melt volume and amplitude of the depth oscillations,

respectively. At an irradiance of 0.487 MW/cm2, on the lower edge of stable keyhole

formation, the peak frequency in both measured quantities is approximately 11 kHz.

At 0.580 MW/cm2, the peak frequency in both measured quantities is approximately

5 kHz. Finally, at 0.921 MW/cm2, the peak frequency in both measured quantities is

around 4 kHz. Over the same range, the mean measured depth grows from 60 µm to

569 µm, while the standard deviation is close to 100 µm in all cases.

The correlation of the frequency components of the depth and absorptance demon-

strates for the first time that vapour depression fluctuations have a real, and quantifi-

able, effect on energy absorption. In general, at higher irradiances, under relatively

stable conditions, the amplitude of absorptance oscillations is decreased, but never

eliminated. For instance, in the strong keyhole case given in Figure 4.3a, the absorp-

tance oscillations during the steady-state regime are approximately 5% of the mean

value, whereas in the weaker keyhole case in Figure 4.1b, it is near 17%. This shows
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Figure 4.4: Frequency-resolved depth (bottom) and absorptance (top) from the key-
hole welding regime. FFTs were performed on data from the last 8 ms of each weld
when a vapour depression was clearly established. The sparse nature of the depth
data required linear interpolation in the regions of signal loss in order to perform the
FFTs. The first 1 kHz is excluded from the plots, as this region is dominated by the
DC term and low frequency contributions that come from the overall shape of the
data.

that absorptance oscillations are significant even for laser welding, which typically

aims to operate strongly in keyhole mode. For laser AM, which operates closer to

the transition mode, these oscillations will have an even greater effect. Therefore,

computational models that aim to predict resulting microstructure, either in welding

or AM, but treat absorptance as a constant parameter will miss any effects of this

potentially large and rapid fluctuation in instantaneous energy deposition.

4.4 Correlation Between Depth and Absorptance

As shown above, at high irradiance, increased vapour depression depth corresponds to

dramatically increased absorptance, while at low irradiance, the absence of a vapour

depression results in a slow rise of both the melt pool surface and absorptance. To
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quantify these phenomena, Spearman’s rank correlation coefficient is calculated be-

tween the two independent measurements for each weld performed. Spearman’s cor-

relation (ρs) assesses the degree to which the relationship between two variables can

be described by a monotonic function; that is, a function that either always increases

(ρs = +1) or always decreases (ρs = −1). This is used instead of a typical linear

correlation because the absorptance of an open cavity can only ever approach 1, and

so a linear relationship in the keyhole regime would be impossible. Figure 4.5a shows

Spearman’s correlation coefficient, ρs, for depth and absorptance plotted as a func-

tion of average irradiance, while Figure 4.5b-d show plots of absorptance vs. depth

typical of each welding regime—conduction, transition, and keyhole, respectively.

Keyhole mode (0.487–0.921 MW/cm2) correlation is strongly positive, with ρs >

0.55, plateauing around 0.86. The plot of absorptance vs. depth for 0.921 MW/cm2,

shown in Figure 4.5d, shows generally asymptotic behaviour. In contrast, conduction

mode stationary welds (0.234–0.405 MW/cm2) have a strong negative correlation,

with ρs ranging from −0.94 to −0.70. The negative value results from our definition

of a negative depth as a position above the initial surface, and as was shown in Fig-

ure 4.1a, the melt pool surface rises (decreases in depth) along with the absorptance.

The plot for 0.234 MW/cm2, shown in Figure 4.5b, shows that this relationship is

not only monotonic, but also strongly linear. This implies that the height and the

absorptance of the melt pool are both similarly dependent on another variable, likely

temperature. As the temperature increases over the duration of weld, it is expected

that melt pool will generally grow in size, and as the temperature gradient across

the melt pool grows so too will the fluid flow towards the centre [39]. The absorp-

tance will rise due to its inherent temperature dependence [45, 46] and increased
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Figure 4.5: (a) Spearman’s rank correlation coefficient (ρs) for depth and absorptance
as a function of laser irradiance. Coloured points correspond to the like coloured plots
below. Standard error on these values is smaller than the size of the points. (b)-(d)
Plots of absorptance vs. depth for conduction mode (0.234 MW/cm2), transition
mode (0.456 MW/cm2), and keyhole mode (0.921 MW/cm2), respectively.

rate of oxidation [44]. For transition mode stationary welds (0.440–0.466 MW/cm2),

the initial formation of a vapour depression causes ρs to rise sharply. The plot for

0.456 MW/cm2, shown in Figure 4.5c, shows characteristics of both conduction mode

and keyhole mode welds, with a region below 0 µm showing linear negative correla-

tion and a region above 0 µm showing a positive monotonic relationship. As a result,

ρs in this regime transitions through zero with increasing irradiance, ranging from

−0.63 to 0.47. The correlation coefficients and associated plots for absorptance vs.
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depth provide a more rigorous definition of laser welding regimes, and provide further

evidence that the transition from conduction to keyhole mode is not a sharp line,

but is an extended region of parameter space where the welds share characteristics of

conduction and keyhole mode.

4.5 Time-Averaged Depth and Absorptance

Figure 4.6 shows time-averaged data from each weld performed in the experiment.

Coupling efficiency, defined as the average absorptance over the duration of laser

illumination, excluding early times as mentioned above, is plotted in solid red against

the right axis. Average weld depth, defined as the average of all depth measurements

made over the same period, is represented by the solid black line and is plotted against

the left axis. The laser coupling efficiencies in the low-irradiance, conduction regime

range from 0.36 to 0.42, which fall within the expected range for single reflections off

of a liquid steel surface [43]. The assertion of single reflection is supported by the time-

resolved data above, which show no vapour depression formation in this regime, and

an average depth less than zero. At an irradiance of 0.451 MW/cm2 (time-resolved

data in Figure 4.2b), the formation of unstable vapour depressions manifests as small

increases in the coupling efficiency and average depth. With increased laser power,

increases in coupling efficiency are matched by increases in average depth. This gives

further evidence that geometry is a dominant factor in increasing coupling efficiency,

and therefore energy deposition, during laser-metal processing.
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Figure 4.6: Coupling efficiency and average depth from each weld, plotted as a func-
tion of irradiance. Error bars on coupling efficiency are representative of a combi-
nation of systematic uncertainty and experimental repeatability. Standard error on
average depth resulted in error bars small enough to be negligible.

4.6 Comparison to Ray-Tracing Simulations

The monotonic increasing relationship between absorptance and depth for keyhole

welding (see Figure 4.5d) qualitatively agrees with analytic models of emissivity of

open cavities [70]. To better understand the results quantitatively, ray-tracing sim-

ulations were used by Wenda Tan and Wenkang Huang to calculate the laser power

absorbed by vapour depressions of varying depth and geometry. The absorptance

values of a cone-shaped cavity and a stretched hemisphere (SH) shaped cavity are

calculated based on the ray-tracing model described in Chapter 2.4.1. The depths of

the simulated cavities range from 0 µm to 800 µm to match experimentally measured

depths and the radius is fixed equal to the 1/e2 radius of the incident laser beam
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(119 µm). The simulated depths are chosen relative to the width to allow convenient

conversion to aspect ratio (depth/radius).

Figure 4.7a compares the absorptance and depth from experimental keyhole re-

sults to simulation results for the two types of vapour depression shapes over the

same range of depths. Each simulation result represents an independent ray-tracing

calculation, with example geometries shown in Figure 4.7b. The colour distributions

in Figure 4.7b indicate the absorbed laser power density on the cavity walls. The

total laser absorptance, A, is calculated for each geometry and depth. The choice of

the two geometries is justified by recent ultrahigh-speed x-ray transmission work that

has shown that in stationary laser welding the vapour depression has a conical shape

during its initial formation and growth and then fluctuates in shape from a cone to

a SH during the period of instability [10] (Figure 4.7c). In both geometries, most of

the laser power is absorbed at the bottom of cavity due to the higher intensity at

the centre of the laser (modelled as a Gaussian beam). Comparing the experimental

results to the simulation results (Figure 4.7a), there are three important features: (1)

both experimental and simulations follow the same trend—a steep rise in absorptance

at shallow depths with diminishing returns at higher depths; (2) at greater depths, a

cone geometry predicts significantly higher absorptance than the SH simulation with

the experimental results lying between these two cases; and (3) there is a plateau

observed in the experimental results between the depths of 70 µm and 130 µm that is

partially captured by the cone simulation.
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Figure 4.7: Comparison of experimental and simulation results. (a) The relationship
between laser energy absorptance and keyhole depth from the experiment with ir-
radiance of 0.921 MW/cm2 and simulations of cone-shaped keyhole and SH-shaped
keyhole. (b) Simulation results of the absorbed laser power density distribution on
the keyhole wall and laser absorptance for the four simulation cases marked in (a).
(c) Ultrahigh-speed X-ray imaging shows cone-shaped keyhole (top) and SH-shaped
keyhole (bottom) at different times during the stationary laser welding process. From
[10].
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4.6.1 Comparison of Two Keyhole Shapes

The different geometries of keyhole are analyzed to understand why they result in dif-

ferent absorptance values. Figure 4.8 shows the distribution of total reflection count,

j, experienced by the simulated rays before escaping, and the average percentage of

remaining laser power of all rays after j reflections, for both simulated geometries

at a depth of 714 µm. As Figure 4.8a shows, for the cone-shaped keyhole, the vast

majority of rays reflect eight times, and after eight reflections, the remaining laser

power of each ray decreases to 2% of its original laser power. In contrast, Figure 4.8c

shows that for the SH-shaped keyhole, there is a wider distribution for number of

reflections, but with most rays experiencing only three or four reflections, after which

the remaining laser power of each ray is still 15% to 20% of its original value. The

difference in reflection count between the two shapes can be understood by consider-

ing the ray trajectories. In a cone-shaped cavity, nearly all the reflected rays have the

same angles of incidence, and so a high aspect ratio cone, as shown in Figure 4.8b,

results in a similar high number of reflections for all rays. On the contrary, in the

SH, the curved cavity wall leads to a wider distribution of incident angles, as shown

in Figure 4.8d, and therefore a wider distribution in reflection count. Thus, at higher

depths, a cone-shaped keyhole will absorb more laser power than a SH-shaped keyhole

of the same depth. The fact that the experimental results lie between the simulation

results for these two shapes agrees well with high speed x-ray videos of the stationary

welding process [10], which show that the shape of the keyhole during the period of

instability is fluctuating between these two shapes.
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Figure 4.8: Simulation results of the relationship between the remaining laser power in
each ray in the keyhole (blue curve) and the number of rays (orange bar graph) versus
reflection count for (a) the cone-shaped keyhole and (c) the SH-shaped keyhole with a
depth of 714 µm. Schematic diagrams of laser ray trajectories in (b) the cone-shaped
keyhole and (d) the SH-shaped keyhole with a depth of 714 µm.

4.6.2 Relationship Between Absorptance and Reflection Count

The next feature explored is the asymptotic growth in absorptance despite a contin-

uing increase in keyhole depth. This relationship is calculated for the cone-shaped

case by analyzing the average reflection count and the average power remaining after

each reflection over the full range of tested depths. Figure 4.9a shows the simulated
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absorptance along with the average reflection count over the same range of depths,

which shows a linear relationship. Figure 4.9b plots the average remaining laser power

after j reflections for three different keyhole depths, showing an exponential decay

with increasing reflection count. Within the first 4 reflections, greater than 85% of

a ray’s power, on average, has been absorbed by the cavity walls, and additional

reflections have an exponentially decreasing contribution to the total laser energy ab-

sorptance. Therefore, when the average reflection count is low (less than 4), the total

laser energy absorptance is dominated by the number of reflections. This explains

the rapid absorptance rise over the depth range from 0 to 300 µm, as this is where

the average reflection count reaches 4. Comparatively, when the average reflection

count is greater than 4, the total laser absorptance is less sensitive to the number

of reflections, as seen in the depth range of 300–700 µm. Furthermore, this helps to

explain the increased amplitude of oscillations of absorptance seen in early stages

of keyhole formation shown in Figure 4.1b. Since the depth is more shallow, there

is a lower average reflection count as compared to the deeper, more stable keyholes

seen at higher irradiance values in Figure 4.3a, and therefore higher sensitivity of

absorptance to changes in depth.

4.6.3 Absorptance Plateau

Lastly, I consider the offset between simulation and experimental results at shallow

depths, and the plateau in absorptance observed for both the experimental and cone

simulation results. For low aspect ratio depressions (depth/radius < 1), the absorp-

tance is extremely sensitive to depth (i.e., there is a considerable increase in energy

transfer as the system transitions from primarily one to primarily two reflections).
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Figure 4.9: (a) Simulation results for laser absorptance (left axis) and number of
reflections (right axis) as a function of keyhole depth for the cone shape keyhole. (b)
Remaining laser power in rays as a function of reflection count for the cone shape
keyhole with three different keyhole depth values.

Depth is measured experimentally relative to the initial virgin surface, so the height

of liquid crown deposited around the keyhole opening, which effectively increases the

depth (see Figure 4.7c), is not included. Since simulations include no crown, they

will systematically underestimate absorptance. In addition, for geometries dominated

by single reflections, small perturbations in the sidewalls will increase the ray reflec-

tion count. Simulations assume specular reflection from smooth surfaces so will not

include these contributions to absorptance.

Even with these systematic disagreements, both experimental and cone simulation

results capture a temporary plateau in absorptance despite increasing depth. Over

the same range of depths, a plateau in the average reflection count is found in the

simulation. Both of these features are shown for the cone simulation in the shaded

region in Figure 4.10a. To understand why this occurs, consider the geometry of the

cavity at the bounds of this region. At a depth of 119 µm, the angle of incidence for

rays entering the keyhole is 45◦, and therefore every ray that enters the keyhole will
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reflect twice before escaping, as shown in blue in Figure 4.10c. The average reflection

count in this case is slightly less than 2, as some rays reflect outside the radius of the

keyhole opening. As the depth increases, ray trajectories after the second reflection

are still directed out of the cavity until the point where their trajectory is parallel

to the opposite keyhole wall, which occurs at a depth of 164 µm. Once the depth

increases beyond this threshold, it will be possible for some rays to reflect three

times, shown in green in Figure 4.10c, for a depth of 178 µm. Figure 4.10b provides

further evidence by showing the distribution of reflection counts within the keyhole

for several depth cases near and inside this plateau. For depths ranging from 119 µm

to 155 µm, the majority of rays reflect twice and none reflect three times, as expected.

At a depth of 178 µm, some rays reflect three times, although the majority still reflect

only twice. As the depth further increases, a larger fraction of rays reflect three times.

The fact that this plateau is also observed in the experimental results is an exciting

discovery, as it gives further evidence that the keyhole initially forms in a shape close

to a cone, and validates the simple idea that keyhole growth increases absorptance

through incremental increases in number of reflections.

By extending the above reasoning, I find that there should theoretically be a

plateau for every number of reflections, as there is always a range of aspect ratios

between j reflections becoming guaranteed and j + 1 reflections becoming possible.

The conditions where j reflections becomes guaranteed is found by determining the

geometry where all the ray trajectories would either include a 0◦ angle of incidence

and therefore retrace their path into the keyhole (for odd j), or include a 45◦ angle of

incidence and travel horizontally across the keyhole and therefore mirror their path
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Figure 4.10: (a) Laser absorptance and average reflection count of rays in the plateau
for the cone-shaped keyhole with different keyhole depths. (b) Number of rays at dif-
ferent reflection count for the six keyhole depth scenarios marked in (a). (c) Schematic
diagram of ray trajectories for the cone shape keyhole with depth of 119 µm (blue)
and 178 µm (green).

into the keyhole on the way out (for even j),

D

r
=

1

tan
(

180◦

2j

) . (4.2)
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The conditions where j reflections becomes possible is found by determining the

geometry where all the ray trajectories would be parallel to the opposite keyhole wall

after the j − 1 reflection,

D

r
=

1

tan
(

180◦

2j−1

) . (4.3)

The depth spacing in the simulations is too large to see these other plateaus, as they

should occur approximately every 80 µm and last about 40 µm. Also, their effect on

the absorptance would decrease as j increases due to the reduction in laser power

with each reflection. The fact that they are not observed clearly in the experimental

results is likely due to the vapour depression shape deviating further from a cone as

it grows and enters the period of instability.
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Chapter 5

Conclusions and Future Work

The collaborative experiment between Queen’s University and NIST, combined with

the modelling support from the University of Utah, has produced unique and valuable

contributions to the field of laser material processing. Overall, it has been shown that

energy coupling is highly sensitive to melt pool geometry, especially in the early stages

of keyhole formation. It is therefore imperative that the treatment of absorptance,

by industry and modellers alike, moves beyond that of an unchanging constant of the

material. This work will serve as a powerful tool towards this goal, and is already

primed to have impact in the current literature. To elaborate, the results here have

already been the subject of a conference presentation (SPIE Photonics West 2019)

and form the basis of a manuscript that is soon to be published, for both of which I

am the primary author.

To summarize the results, absolute energy absorptance and vapour depression

depth during stationary laser irradiance of steel were measured simultaneously with

high speed. In doing so, my collaborators and I have revealed rich physics underlying

the intrinsic relationship between geometry and energy coupling that have previously
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been poorly understood. The conduction and keyhole modes of welding can be clearly

distinguished by their time-resolved signatures. This is done by observing the for-

mation of vapour depressions, both by the increase in depth and by the associated

increase in absorptance (up to 0.9) due to multiple reflections. The transition be-

tween these modes occurs over a narrow range of irradiance (0.440–0.487 MW/cm2),

where the frequency and duration of temporary vapour depressions were observed to

increase until a stable keyhole could be formed. Increasing irradiance further (above

0.580 MW/cm2), the keyhole mode eventually develops an initial period characterized

by rapid growth in absorptance and depth, followed by steady-state behaviour in ab-

sorptance and slow, unstable growth in depth. Distinguishing these periods allowed

both to be considered separately in an exploration of keyhole growth and energy

deposition over time. This revealed that drilling rate as a function of absorbed irra-

diance in the steady-state regime is an order of magnitude less efficient compared to

the rapid growth regime. For the first time, fluctuations of absorptance and vapour

depression depth are shown to occur at similar frequencies (on the order of kHz) and

scale together with melt pool size. The experimental results found good agreement

with ray-tracing simulations, allowing interpretation of the results in terms of vapour

depression geometry and the number of reflections they allow. This also revealed the

first experimental observation of an incremental increase in number of laser beam

reflections due to increasing vapour depression depth.

Future directions with the combined measurement tools will include experiments

that directly build on this work. This technique will be used to explore the effect

of inert gas on absorptance and vapour depression formation, as this more closely

matches the conditions used in industrial applications, especially AM. Preliminary
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experiments in this vein have shown significant deviation from the results presented

here in atmosphere. Efforts will also be made to recreate this experiment for moving

welds, results for which will be more transferable to industry. The collaboration with

NIST will continue, helping to disseminate this work amongst both the academic and

industrial communities—which would likely not have been possible alone. The goal is

to implement ICI in other collaborative experiments, further proving the usefulness of

the technique and working towards a more complete physical understanding of laser

material processing.
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