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List of Abbreviations

Nd:YAG Neodymium-doped Yttrium Aluminum Garnet
Yb:YAG Ytterbium-doped Yttrium Aluminum Garnet
NLPM Normal Liters per Minute
SLED Superluminescent Light Emitting Diode
OCT Optical Coherence Tomography
ICI Inline Coherence Interferometry
LMD Laser Material Deposition
LMD-w Laser Material Deposition with co-axial wire feeding
L-PBF Laser Powder Bed Fusion
SLM Selective Laser Melting
FD-OCT Fourier-Domain Optical Coherence Tomography
SD-OCT Spectral-Domain Optical Coherence Tomography
SS-OCT Swept-Source Optical Coherence Tomography
TIG Tungsten Inert Gas (welding)
PTA Plasma-Transferred Arc (welding)
SLD Superluminescent Diode
TCP Tool Center Point
BPP Beam Parameter Product
SOR Statistical Outlier Removal
ROR Radius Outlier Removal
SNR Signal to Noise Ratio
RMSE Root Mean Square Error
HAZ Heat-Affected Zone
RGB Red, Green, Blue
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Nomenclature

P Laser power [W]
vc Cladding speed [mm/s]
ṁ Powder feed rate [g/min]
dC Dilution ratio of clad [-]
η Powder efficiency [%]
λ Wavelength [nm]
∆λ Spectral bandwidth [nm]
k Wavenumber [1/m]
∆k Spectral bandwidth [1/m]
k0 Central wavenumber of spectrum [1/m]
lc Coherence length [m2]
θ Beam divergence [radians]
M2 Beam quality factor [-]
g Gravity field [m/s2]
A1 Area of the clad layer above the substrate [m2]
A2 Mixing area of the substrate and clad [m2]
θ′ Root angle of clad [◦]
ζ Aspect ratio [-]
Wc Clad track width [mm]
hc Clad track height [mm]
wt.% Weight percent [%]
T Temperature [K]
ρ Density [kg/m3]
cp Thermal capacity [J/kg·K]
K Thermal conductivity [W/m·K]
Q Heat sources and sinks in the material [W/m3]
U Cladding speed vector [m/s]
µ Viscosity [kg/s·m]
n Normal vector of the surface [-]
hc Heat convection coefficient [W/(m2·K)]
Ω Workpiece surfaces [m2]
Γ Surface area irradiated by the laser beam [m2]
T0 Ambient temperature [K]
zSn Depth of reflection ’Sn’ within sample [m]
RSn Reflectivity of reflection ’Sn’ [-]
zR Position of the reference arm mirror [m]
RR Reflectivity of the reference arm mirror [-]
ID(k) Detector current as a function of wavenumber [-]
ρd Responsivity [A/W]
S(k) Optical power density as a function of wavenumber [-]
γ Coherence function [-]
G Thermal gradient at the solidification front [K/cm]
R Solidification rate [cm/s]
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Abstract
Laser cladding is a laser material process in which powder is injected into a focused laser beam using an
inert gas, forming a deposit referred to as a clad track. When cladded tracks are laid down next to each
other, they form a continuous coating on a substrate material. The size and morphology of the solidified
microstructure of the cladded tracks are closely linked to the size and shape of the laser-induced melt
pool during the process.

In this research, an Optical Coherence Tomography (OCT) system is introduced to a laser cladding setup
to investigate its ability to capture the geometrical characteristics of the melt pool. OCT is a non-invasive
measurement technique that utilizes low-coherence light to create interference patterns. The interference
pattern is used to obtain depth-resolved images. The effectiveness of the OCT sensor, both ex-situ and
in-situ, was evaluated by benchmarking it against confocal microscopy and thermal imagery, respectively.

From the ex-situ findings, it was observed that the OCT system exhibits reduced performance on steep
edges due to the large spot size of the OCT measurement beam relative to the geometry that is captured.
Most importantly, the study revealed that in-situ OCT measurements highlight different zones with a
distinct boundary, which is suggested to represent the liquid-solid phase transition from the melt pool to
the solidified track.
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1 INTRODUCTION

1 Introduction

1.1 Background
Laser Cladding

Coatings play a crucial role in enhancing the durability and properties of materials. This is achieved
by adding a small layer on top of a substrate material. Coatings in the form of a steel alloy, including
elements like carbon, chromium and tungsten, are specifically applied to components to improve material
properties, such as toughness, strength and resistance to corrosion and wear [1]. This effectively extends
the lifespan of these components. Coatings are a widely adopted strategy where numerous application
techniques have emerged, such as thermal spraying, electroplating, and chemical vapor deposition [2].
Around the 1970’s, techniques such as tungsten inert gas (TIG) welding and plasma-transferred arc
(PTA) welding were utilized for coating applications [3]. However, these methods were constrained by
significant challenges, including high dilution of the substrate into the coating and distortions due to
the high heat input. The use of lasers, introduced only a few years earlier, was thought to be solution
to aforementioned problem. In 1974, the concept of laser cladding was patented [4]. Laser cladding
(with powder feed) is a process where powder is fed into a laser beam, melting (part of) the substrate
and the powder to form a coating on the substrate, as depicted in figure 1. This new technique offered
several distinct advantages: reduced dilution of the substrate in to the coating and a decreased total
heat input. Additionally, the process allowed for very precise deposition together with real-time process
control. Other material feeding techniques, either using pre-placed powder beds or wire feeding were
developed as well [5, 6].

Figure 1: Schematic overview of an off-axis powder supply laser cladding setup [7]

The foundations of the industrially applied laser cladding process were established [8] in the 1980’s. The
use of CO2 lasers was a big step towards wider utilization in industrial environments as the available
laser power enabled the application of coatings on larger areas in one single process step [9]. At the same
time, a lot of different materials were tested for their potential to be used in a laser cladding process [10].

Over time, various laser sources have been integrated into the laser cladding process, as soon as the
power and efficiency of different commercially used laser types was large enough [6]. Today, Yb:YAG
fiber lasers and disk lasers, both solid-state lasers, are the most used laser sources for laser cladding
applications [11,12]. Simultaneous to the development and introduction of different laser sources in to the
laser cladding process, the development of optical heads, equipment for powder supply and process control
gained momentum as well [3, 13]. Advancements in the hardware components and the increased cost-
effectiveness [14] as well as strategies for decreased processing times [15] have yielded more applications
of the laser cladding process.
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Optical Coherence Tomography

Back in the 1970's a concept that would later be referred to as Optical Coherence Tomography (OCT)
was beginning to take shape as an innovative imaging technique that would be able to produce an optical
'biopsy' [16]. The ability to retrieve depth-resolved images in a non-invasive manner was proven to
have great potential in ophthalmology, where it was shown that the imaging technique was capable of
visualizing various retinal diseases [17]. The working principle of the technique has similarities with
ultrasound imaging, which uses returning sound waves to visualize internal structures. OCT utilizes
re�ected light of a sample measured by a Michelson interferometer, which relies on the interference
between the re�ected light beam and a reference light beam, to obtain a depth-resolved image [18]. OCT
systems at this point were later all recognized as Time Domain OCT (TD-OCT) systems.

It was only in 1995 when Fourier Domain OCT was �rst presented, in the works of Fercher et al. [19].
In this work, a spectrometer was used to capture the wavelength dependent interference. It was found
that this new strategy was capable of acquiring depth-resolved images at incredibly greater speeds than
TD-OCT systems. As the system made use of a spectrometer, this system was categorized as Spectral
Domain OCT (SD-OCT). Two years later, the research group of Chinn et al. introduced a di�erent
Fourier Domain OCT technique, that is now known as Swept Source OCT (SS-OCT) [20]. Both Fourier
Domain techniques are still in use and continue to undergo advancements [21].

Ophthalmology has been the primary �eld for OCT's development, driving signi�cant improvements in
technology. Only recently, OCT has also made its introduction into laser material processing, where it
has been repeatedly showcased in laser welding processes [22].

1.2 Problem De�nition

Laser cladding with a powder feed involves depositing single or consecutive tracks to form a coating by
introducing powder into a laser beam that strikes a substrate. It is a process in which the existence and
dynamic behaviour of a melt pool is inherent. The dynamics of this melt pool are highly complex. For
example, momentum is added due to the powder feed and there are �uid �ows existent within the melt
pool because of the surface tension gradient [23]. Also, a solidi�cation process occurs within the process.
Ultimately, the size and shape of the melt pool are critical determinants of the �nal microstructure of
the cladded track.

While thermal cameras [24] and high-speed cameras [25] have previously been used to measure the melt
pool's temperature and size, a di�erent method is needed to capture its geometry. Accurately capturing
the melt pool's geometry is essential because, once measurable, it becomes possible to control it. This
control can manifest in adjusting process parameters of the laser cladding process while processing, ac-
cording to the needs of manufacturing. This can lead to an improved process with reduced deformations
and inaccuracies, resulting in a more reliable and consistent laser cladding process.

This research studies the integration of an OCT system into the laser cladding setup to assess its ability
to measure the melt pool's geometry. Prior to implementation in experiments where a melt pool is ex-
istent, the OCT system undergoes an evaluation in terms of its measurement accuracy when capturing
the clad track's geometry after processing. This is done by comparison to an established surface pro�ling
technique. That is, confocal microscopy. For experiments carried out during processing, it will be re-
searched how the OCT system responds to the in�uence of an intersecting powder stream and shielding
gas. Ultimately, by benchmarking OCT's ability to capture the melt pool against thermal imagery, the
study aims to �nally determine the e�ectiveness of OCT in terms of its potential as a tool for capturing
and monitoring the geometry of a melt pool in a laser cladding setup.
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1.3 Research Objectives

The research in this thesis will focus on the following areas, phrased as questions:

1. Given that the OCT sensor is integrated into the laser cladding environment, what is the optimal
strategy for measurement and analysis to characterize the system?

2. How is the performance of the OCT system characterized in a laser cladding environment when
process parameters are varied, leading to changes in clad track dimensions?

3. How e�ective is the OCT sensor in capturing the geometric characteristics of the melt pool formed
during laser cladding?

1.4 Thesis Structure

In the �rst chapter, the report introduces the research topic, de�nes the problem, and sets the research
objectives. It outlines the motivation, challenges in laser cladding, and goals for integrating and evaluating
an OCT system.

In the second chapter, the state of the art is reviewed. This chapter includes the fundamentals of laser
cladding, the working principles of OCT, and its application in other laser processes, highlighting its
performance and limitations.

In the third chapter, the experimental setup and methodology are detailed. This chapter covers the
integration of the OCT sensor into the laser cladding system, the measurement process, and how data is
captured, processed, and analyzed.

In the fourth chapter, the experimental results are analyzed, distinguishing between measurements taken
after the cladding process (ex-situ) and those taken during processing (in-situ). The results are compared
against confocal microscopy and thermal imagery to evaluate their e�ectiveness, respectively.

In the �fth chapter, a discussion of the results is posed where the focus will be on connecting the outcomes
from the di�erent experiments to illustrate their interrelations and overall contributions to the research.

In the sixth chapter, the report concludes with key �ndings and recommendations. It answers the research
questions posed in the �rst chapter and it summarizes the conclusions drawn from the results. It suggests
improvements and areas for future research.
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2 State-of-the-Art

2.1 Fundamentals of Laser Cladding

Laser cladding refers to the deposit of a desired material on a substrate material by means of a laser.
This is the case when applying coatings, where a material or metal with enhanced properties is added
as a layer on top of a substrate that is often a cheaper bulk material with less desirable characteristics.
This process protects the substrate and extends its lifespan. A similar deposition approach, still referred
to as laser cladding, is also used in additive manufacturing [26]. The process involves introducing the
desired material into a melt pool induced by the laser beam, which melts the material to form a deposit
referred to as a clad or cladded track. The laser creates a melt pool on the substrate material, into which
the supplied material is simultaneously introduced. While the material may absorb some radiation as
it travels to the melt pool, the actual melting occurs within the melt pool [27]. Because part of the
substrate material also melts, solidi�cation results in a metallurgical bond between the deposit and the
substrate. The use of the laser allows for precise deposition of the cladded track where the surrounding
material is almost not a�ected. This is referred to as a small heat-a�ected zone (HAZ). The material can
be supplied in either the form of powder or in the form of a wire. When using powder, there are di�erent
con�gurations that can be used. One approach is the use of a pre-placed powder bed. Another, is referred
to as powder injection or co-deposition. The latter can be implemented using di�erent methods, such as
an o�-axial (lateral or leading) powder feed or a coaxial powder feed. The coaxial powder feed system
o�ers the advantage of enabling greater maneuverability in all directions [28].

2.1.1 Clad Track Characteristics

The cladded track that is deposited in a laser cladding process, possesses distinct characteristics, as shown
in �gure 2. This section introduces these characteristics and how these are subject to the main processing
parameters of laser cladding.

Figure 2: Schematic diagram of a cross-section of a cladded track [29].Wc and hc represent the width
and height of the track respectively. A1 represents the area of the clad layer above the substrate.A2

represents the mixing area. The root angle of the clad track and heat a�ected zone are represented as� 0

and HAZ respectively.

The aspect ratio, � assesses the horizontal dimension of the deposited cladWc in relation to its height
hc [30]. A higher � is achieved with increasing width of the cladded track and with decreasing height of
the cladded track, and vice versa. The aspect ratio is de�ned in equation 1.

� = Wc=hc (1)

Another characteristic of the cladded track, is its approximated dilution level dc [31]. That is, a measure
for the level of dilution of the cladded track by the substrate material. It is calculated by the ratio of
the cross-sectional area of the cladded track above the substrate level and the total cross-sectional area
of what has previously been molten, as shown in equation 2.

dC = A2=(A1 + A2) (2)

6
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It is strived for to minimize the dilution level as to obtain a surface layer with minimal dilution by the
substrate material. However, a too low dilution level carries the risk of insu�cient bonding between the
cladded track and the substrate material. Hence, a dilution range of 2% to 8% is deemed favorable [7].
The size of the areas that are considered for the approximated dilution level are dependent on the height
and width of the cladded track. Hence, the aspect ratio is typically a good indicator of the dilution level
as well. A lower aspect ratio typically yields a lower dilution level. The speci�c dilution level is e.g.
dependent on the laser power, the scan speed and the intensity distribution of the laser as these all have
an e�ect on the width and height and subsequently the di�erent areas that are used for calculating the
level of dilution.

As seen in �gure 2, another characteristic is introduced that is referred to as the root angle of the clad
track. Although seemingly an independent characteristic, this angle� 0 can be approximated in terms of
the width and height of the cladded track [32], as shown in equation 3.

� 0 = 180 � 2arctan(
2hc

Wc
) (3)

Finally, also a theoretical powder e�ciency � can be calculated using equation 4.

� =
A1� cvc

_m
(4)

Here, � c [kg/m 3] is the density of the material deposited,vc [mm/s] is the lateral speed of the laser beam
as its traveling over the substrate material and _m [g/min] is the powder feed rate.

2.1.2 Process Parameters

The operational window for laser cladding is typically characterized by laser powerP, speedvc, and pow-
der feeding rate _m, as these are considered the most important processing parameters [27]. Nevertheless,
numerous other process parameters, including laser beam spot size, the intensity distribution of the laser
beam, shielding and carrier gas quantity and type, as well as the size, speed, and feeding angle and mass
distribution of powder particles, also play a signi�cant role.

Erfanmanesh et al. showed in their research the reliance of the clad track width and height as function of
the abovementioned three crucial processing parameters, laser powerP, scanning speedvc and powder
feed rate _m [33]. In their study this is referred to as P, V and F. This was done for a laser cladding setup
with a coaxial powder supply. In their results, the clad height was found proportional to P2V � 2F 1=4.
The clad width was found proportional to P1V � 1=2. The root angle was found to be proportional to
V � 1F 1.

In the work of Onwubolu et al. Diam alloy 2002 was clad onto a DIN steel substrate using a coaxial
powder feed [34]. Experiments were carried out using a variety of laser powers, speeds and powder feed
rates. In general, clad track height, width were found to increase, whereas root angle was found to
decrease, with increased laser power, slower speeds and higher feed rates. A decreased root angle means
the inclination of the clad along the edge is more steep.

In the study of Behera et al. an o�-axial lateral powder feed was used [35]. A similar trend, as for the
co-axial powder feeds was observed. Clad height and width and the cross-sectional area of the clad above
the substrate level demonstrated a decrease with increasing scan speed. This while the dilution exhibited
an upward trend. Also, the root angle increased. Furthermore, the study observed that a uniform clad
track was achieved when powder deposition occurred either behind or in front of the melt pool. However,
when the powder was fed from behind, the powder e�ciency was lower as compared to feeding from the
front, thereby also leading to an increased dilution.

2.1.3 In�uence of the Melt Pool Shape on the Clad's Microstructure

In the work of Lee et al. it was found that upon solidi�cation, the temperature gradient G and the
solidi�cation rate R are parameters that strongly in�uence the size and morphology of the dendrites that
are developed in a cladded track [23]. Hence, the resulting properties of the cladded track are governed
by the values ofG and R. The temperature gradient G is de�ned as a vector that is normal to the solid
liquid interface of the melt pool in three dimensions and thus composed out of three temperature gradient
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vectors, as shown in equation 5. The value ofR is de�ned by the cladding speed, hereRb, and the angle
between the solidi�cation boundary and the cladding direction, � , as shown in equation 6.

jGj = G =
q

G2
x + G2

y + G2
z (5)

jRj = R = Rb cos� (6)

Again, both the values of G and R have a dependency on the shape of the melt pool. Generally, the ratio
of G=R determines the morphology of the dendrite structures. That is, the shape and type of dendrites
that are formed.

Figure 3: E�ect of the temperature gradient G and solidi�cation rate R on size and morphology of
dendrite structures [36].

The morphology of the dendrite structures can be categorized into four types, as visualized in �gure 3,
based on the ratio of thermal gradient G to solidi�cation rate R. Planar dendrites are formed at high
G/R ratios, these are developed in a single plane and no branching occurs. Cellular dendrites show
some surface perturbations but still no distinct branching occurs. Columnar dendrites are characterized
by their elongation in a single direction and with branching in the other direction. At last, equiaxed
dendrites are characterized by growth of branched arms equally in all directions. The di�erent types of
dendrites have a large in�uence on properties as strength, toughness, hardness and isotropy.

The product of G and R controls the size of the dendrite structures. Higher values produce �ner dendritic
structures, while lower values lead to coarser structures. Enhanced mechanical properties are typically
found to correspond with �ner dendritic structures.

The shape of the melt pool, and hence the related values ofG and R, are in�uenced by the temperature
distribution in the melt pool [23, 37, 38]. Within a liquid phase, higher temperature areas exhibit lower
surface tension than lower temperature areas. This surface tension gradient drives Marangoni �ows. This
causes the �ow of liquid material from regions of lower surface tension to regions of higher surface tension.
These �ows a�ect the shape of the melt pool and ultimately in�uence the �nal shape of the cladded track.

2.1.4 Process Physics

The following descriptions of the laser cladding process are adapted from the work of Toyserkani et
al. [27]. Upon the laser beam reaching the substrate, a portion of its energy is absorbed by the substrate,
whilst also a fraction is absorbed by the powder particles. The absorbed energy by the substrate initiates
the formation of a melt pool. This part of the process is exclusively governed by the heat conduction
equation. Right after, the powder particles are introduced into the melt pool.

As powder is introduced in the melt pool, momentum is added into the system. Simultaneously, a surface
tension gradient arises due to the temperature gradient. This gives rise to �uid �ows within the melt
pool. This �ow, known as Marangoni �ow, causes �uid �ow from regions of lower surface tension to
regions of higher surface tension (as covered in section 2.1.3). Consequently, the energy transfer is now
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2.1 Fundamentals of Laser Cladding 2 STATE-OF-THE-ART

a function of heat conduction as well as mass convection. Now, describing the laser cladding process
involves incorporating the momentum, heat transfer, and continuity equations.

Fundamental Equations

In the laser cladding process a temperature distribution is induced by the intensity distribution of the
laser beam striking the substrate. When considering a moving laser beam, as shown in �gure 4, the evolv-
ing temperature distribution, denoted as T(x; y; z; t ), arises from the three-dimensional heat conduction
equation in the substrate, as shown in equation 7.

@(�c pT)
@t

+ r � (�c pU T ) � r � (K r T) = Q (7)

where T(x; y; z; t ) is the temperature [K] relative to the ambient temperature T0 at coordinates (x,y,z)
and time (t), � is the density of the material [kg/m 3], cp is the thermal capacity [J/kg · K], K is the
thermal conductivity [W/m · K], Q is generated power [W/m3] and U is the cladding speed [m/s].

The momentum equation is essentially Newton's second law in the context of �uid dynamics. This
formulation results in a vector equation and as represented in equation 8, reads,

@(� U )
@t

+ ( � U r )U = � g � r p + � r � (r U ) (8)

Here, � is the viscosity [kg/s· m], and g is the gravity �eld [m/s 2].

Finally, the continuity equation, which is essentially expressing the principle of mass conservation in
the context of �uid dynamics. As shown in equation 9, it reads,

r � U = 0 (9)

Figure 4: Schematic diagram of the physical domains in a laser cladding process [27].
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2.2 Working Principles of Optical Coherence Tomography

This section delves into the theory of OCT, where di�erent types are to be distinguished: Time Domain
OCT (TD-OCT) and Fourier domain OCT (FD-OCT). FD-OCT can be subdivided in to Spectral Domain
OCT (SD-OCT) and Swept Source OCT (SS-OCT).

The goal of this section is to gain an understanding of FD-OCT imaging that accurately describes its
system components and its signal processing. Throughout literature it has become evident that FD-OCT
o�ers superior measuring speeds and resolution as opposed to TD-OCT [39�42]. As for the experimental
purposes of this research a FD-OCT system is used, a detailed exploration of a TD-OCT system will not
be given. Consequently, the upcoming section entails an explanation of, and only applies to, an FD-OCT
system.

In interferometry, light emitted from a low-coherence light source is guided by an optical �ber towards a
beamsplitter. Here the beam is split into a so-called "sample arm" and a "reference arm". Light in the
reference arm travels a known and �xed optical path length before being re�ected by the reference arm
mirror. The light from the reference arm is re�ected back to the beamsplitter [39].

Light in the sample arm reaches optical components. Here, the beam is scanned (using Galvano mirrors)
and upon passing through the focusing lens, focused onto a sample. Following this, the beam interacts
with the sample. Thereafter, a portion of the incident sample arm beam is re�ected, or backscattered,
through the optical components, back to the beamsplitter, as shown in �gure 5.

Thus, both the light in the sample arm and in the reference arm return to the beamsplitter. Upon
passing the beamsplitter, the waves recombine and the light from both arms interfere. That is, the
amplitudes in electromagnetic �eld from the returning waves either constructively reinforce each other
or they destructively cancel each other out, or any combination that lies in between [40].

Figure 5: Schematic overview of a SD-OCT system [43].

In SD-OCT, the recombined beams ultimately reach a spectrometer that uses a di�ractive element, such
as a di�raction grating, that is able to spatially separate the di�erent wavelengths that occur within the
interference pattern into on to pixels of the line camera. The scan rate of the camera, determines the
rate at which the OCT system is able to perform a single A-scan. That is, because all the pixels in the
line camera together constitute the spectral interferogram from which an A-scan is retrieved.

Now consider a scenario, as adapted from the work of Aumann et al. [39], where the sample beam is
directed upon a surface that yields a single re�ection, belonging to a single depth position,z1, and a
corresponding re�ectivity R1. The resulting spectral interferogram is shown in �gure 6(a). The dotted
black line is the original Gaussian spectral distribution of the broadband source. The solid blue line,
representing the reading from the line camera, shows alternating conditions of both constructive and
destructive interference as a function of the wavenumberk = 2 �=� . These so called interference fringes
are characterized by their modulation frequency, that is, the frequency of fringe spacing, and is uniquely
coupled to the depth position z, where the distance between consecutive peaks is represented byk = �=z .

Figure 6(b) shows the interferogram of a re�ecting surface that is positioned further away, at depth
position z2, where z2 > z1. With increasing depth, or essentially with increasing path length di�erence,
the fringes becomes narrower and hence the modulation frequency becomes higher.
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To illustrate why this happens, consider a scenario where the path length di�erence between reference
arm and sample arm is exactly ten wavelengths, so 8400 nm. In that case, in the resulting interference
spectrum, constructive interference will occur at 840 nm. This is because the path length di�erence is
an integer multiple of this wavelength. The same for a wavelength of 933 nm, as then the path length
di�erence is exactly nine wavelengths and also for 764 nm as in that case exactly eleven wavelengths
�t in the path length di�erence. This means that constructive interference peaks occur every 93 nm
with this path length di�erence. Now consider a scenario where the path length di�erence is exactly 100
wavelengths, so 84000 nm. In that case, again 840 nm will constructively interfere. The next peak in the
interference spectrum is observed at a wavelength of 848.5 nm as in that case exactly 99 wavelengths �t in
the pathlength di�erence. Also a peak at 831.7 nm will be observed, as in that case 101 wavelengths �t in
the path length di�erence. The spacing of the peaks in the interference spectrum is less than 9 nm. This
illustrates how the modulation frequency is a�ected by the pathlength di�erence. Again, the key take
here is that constructive interference only occurs when the path length di�erence is an integer multiple
of the wavelength. The corresponding modulation amplitude is proportional to

p
Rr Rs. In which case,

Rr is the re�ectivity of the reference mirror, and Rs is the re�ective of the sample surface.

(a) (b)

Figure 6: Spectral interferograms of (a) a re�ection at distancez1 = 50 µm, with re�ectivity R1 and (b)
a re�ection at distance z2 = 300 µm, with re�ectivity R2 [39].

Now consider the scenario where the light in the sample arm penetrates and re�ects o� of both re�ective
surfaces. Initially, the sample beam re�ects upon reaching the surface of the sample at depth positionz1

with re�ectivity R1. Meanwhile, some part of the sample arm beam penetrates deeper into the material.
The light that penetrates deeper reaches another interface where light is re�ected. Here, at depth position
z2 with re�ectivity R2. The spectral interferogram corresponding to this scenario is illustrated in �gure 7.
It can be seen that interferogram is not composed out of a singular modulation frequency. Instead, when
dealing with a sample featuring multiple re�ections within the penetrable depth of the light source, a
superposition of the individual interferograms is seen. Where each re�ection yields its own frequency and
amplitude within this signal. In this scenario, an inverse Fourier Transform of the spectral interferogram
is required to be able to distinguish between the di�erent modulation frequencies and amplitudes that
are visible in the combined interference pattern. In the combined interferogram shown in �gure 7, it can
be seen that that the amplitude of the lower modulation frequency is greater than the amplitude of the
higher frequency that is present in the superposition. From this, it can be stated that the surface atz1

must have yielded a greater intensity re�ection than the the interface at z2.
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Figure 7: Spectral interferogram of two re�ecting surfaces at distancesz1, z2 with corresponding
re�ectivities R1, R2 [39].

The axial resolution for an SD-OCT system is de�ned by the coherence length of the light source [44].
This is dependent on the spectral distribution of the light emitted from this source. The coherence length
is de�ned in equation 10.

lc =
2 ln 2

�
� 2

� �
(10)

A low coherence light source is composed of a broad range of wavelengths and thus, has a broad spectral
bandwidth. In contrast, nearly monochromatic light almost solely consists of a single wavelength and thus,
has a very narrow spectral bandwidth. This means that wave trains emitted from a nearly monochromatic
source exhibit a stable phase relationship for a much larger distance. That is, such a light source has a
long coherence length. To obtain a high axial resolution in an SD-OCT, the light source must have a
broad spectral distribution in order to have a short coherence length. Hence, a SLD is used [45].

2.3 Signal formation in OCT

Insights were retrieved in the mathematical representation of the signal in OCT. The mathematical de-
scriptions are adapted from the work of J.A. Izatt and M.A. Choma [44]. This starts with a mathematical
description of the current as captured by the di�erent pixels on the spectrometer I D (k) as a function
of wavenumber, as shown in equation 11. Here,S(k) represents the normalized spectral distribution of
the light source as a function of wavenumberk. This representation also considers multiple re�ections
at di�erent depths within a sample, zS1, zS2, ..., zSn with corresponding power re�ectivities of RS1,
RS2, ..., RSn . Also, zR and RR refer to the position and power re�ectivity of the reference arm mirror,
respectively. � d is the responsivity.

I D (k) =
� d

4
[S(k)(RR + RS1 + RS2 + : : :)]

+
� d

2

"

S(k)
NX

n =1

p
RR RSn (cos [2k(zR � zSn )]

#

+
� d

4

2

4S(k)
NX

m =1 ;n 6= m
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RSn RSm (cos [2k(zSn � zSm )])

3

5 :

(11)

To obtain the A-scan from the spectral interferogram, an inverse Fourier Transform is required. The re-
sulting mathematical description of the A-scan as obtained from performing the inverse Fourier Transform
on the spectral interferogram in equation 11 is shown in equation 12,
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Here, the so-called "coherence function"
 (z) is the result of performing the inverse Fourier transform on
the spectral distribution S(k). In the case of SD-OCT where often an SLD is used,S(k) is representative
of a Gaussian function. The Gaussian function, represented by its central wave numberk0 and its spectral
bandwidth � k, and the result from its inverse Fourier Transform are shown in equation 13. Performing
the inverse Fourier Transform, yields the so-called "coherence function"
 (z).


 (z) = e� z2 � k 2 F ! S(k) =
1

� k
p

�
e� ( k � k 0 ) 2

� k 2 (13)

The A-scan that is obtained from performing the inverse Fourier Transform on the spectral interferogram
of �gure 7 is shown in �gure 8. It shows two distinct peaks corresponding to the depth positions of the
re�ections. Also, an additional very small third peak is observed. The occurrence of this additional peak
is covered in section 2.4.1.

Figure 8: A-scan obtained after applying an inverse Fourier Transform on the spectral interferogram of
�gure 7 [39].

Distinct Components and Interpretation

The resulting description of the interferogram in equation 12 contains three distinct components, format-
ted on three di�erent lines. An interpretation of these di�erent components that together constitute the
A-scan, again as adapted from [44], is given. An example A-scan where there components are all clearly
visible in is shown in �gure 9.

The �rst contribution is referred to as the "DC Term", it becomes the predominant factor in the A-scan
when the re�ectivity of the reference mirror is greater than the re�ectivity of the sample that is being
measured. It does not contain any depth information. It is essentially the signal that would still be
present in the A-scan even if the sample arm were to be blocked and no interference occurs.

The succeeding component is referred to as "Cross-correlation Term" and is calculated for each re�ection
within the sample. This term is the component that is important for OCT imaging and yields a peak in
intensity in the A-scan at the depth positions that corresponding to the re�ection. To achieve that this
term is yields a greater intensity in the A-scan than the DC term, the intensity of the re�ection of the
sample should be greater than the reference arm. This can be achieved by an unequal division of power
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Figure 9: Di�erent components in the A-scan of a sample yielding two re�ections at depths zS1 and
zS2 [44].

in the beamsplitter that splits the beam into the reference beam and the sample beam.

The last component referred to as the "Autocorrelation Term" is representative of the interference that
occurs between di�erent re�ections occurring at di�erent depths within the sample, and are thus of no
particular interest.

To consider the impact of variations in the number of re�ections within a sample, di�erent scenario's
are now considered. In the case of a single re�ection occurring at a certain depth within the sample,
the A-scan includes only the DC term and a singular Cross-correlation term. In the case of multiple
re�ections within the sample, the are multiple Cross-correlation terms corresponding to these di�erent
re�ections. Each term has its own (modulation) frequency and amplitude. Moreover, in cases where
there is more than one re�ection within the sample, the additional Autocorrelation term emerges. This
can also be seen in �gure 8, where there is a very small peak visible in between the two larger peaks,
as mentioned earlier. For the autocorrelation terms, a similar relation holds regarding the modulation
frequency. The greater the re�ections are spaced apart, the greater is the resulting modulation frequency
of the interference stemming from both re�ections.

The OCT system has no way of verifying whether the path length di�erence between the reference arm
and the sample arm is positive or negative, as essentially they produce the same interference pattern. As
shown in �gure 9, this creates "mirror image artifacts" in the resulting signal. In FD-OCT, this is called
the complex conjugate artifact [44]. When the system converts the interferogram from the frequency
domain to the depth domain using an inverse Fourier Transform, the result is symmetrically mirrored.
This symmetry means that a peak in the A-scan is observed at both a positive and negative depth
positions. Thus, the A-scan ends up showing a copy of the depth information.

Also, in �gure 9, each re�ection in the sample appears to be displaced in the A-scan by a factor of two.
This e�ect stems from the measurement of the round-trip distance to each re�ective surface and thus not
directly the relative height.
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2.4 Laser Material Processing with OCT

In laser material processing, the utilization of OCT has been comparatively limited, unlike its applica-
tion in e.g. health technology, speci�cally retinal diagnostics. However, over the past decade and a half,
OCT systems have gained increasingly more attention in various laser material processing techniques.
A chronological overview of these applications is presented in table 1. Notably, OCT's most recognized
or most proposed application within laser material processing is within the laser welding domain. Here,
OCT is used in seam tracking, which is essentially controlling the robot arm using the OCT. Also, OCT
has been used for monitoring keyhole depth [22,46�49].

More recently, the application of OCT was found in Laser Powder Bed Fusion (L-PBF), where pow-
der beds are selectively melted using a laser source [50�52]. Very limited is the application of OCT in a
laser cladding environment, here an OCT system has been tested in a laser cladding process that equips
a co-axial wire feed [53].

To ensure laser material processes are running as supposed to, continuous process monitoring is essential.
Current in-situ monitoring, as well as control, relies on CCD-camera's or thermal camera's to monitor
the process or the size of the melt pool. The application of OCT in laser material processes o�ers a
di�erent metric for monitoring. That is, the geometry of surface can be retrieved.

2.4.1 Laser Welding

In the context of laser welding, the focused laser beam causes partial vaporization and melting directly at
the position the laser beam strikes the substrate. This interaction results in the formation of a thin and
deep cavity referred to as the "keyhole". The keyhole is �lled with metal vapor and surrounded by a slim
cone of molten metal. The opening of the keyhole throughout the welding process is maintained by the
pressure of the vapor that holds back the surrounding molten metal. OCT provides an e�ective means
to measure the depth of the keyhole. A comparison between in-situ OCT measurements (Lessmüller
Lasertechnik OCT) and a destructive method reveals a strong agreement in keyhole depth [22]. This
agreement holds true above laser powers of 1.67 kW with a maximum discrepancy of 70µm.

Figure 10: (a) Power-position plot, indicative of the transition from conductive to keyhole welding at
1.67 kW and (b) the measured keyhole depth (blue crosses) overlaid on a bright-�eld microscopy image

cross-section [22].

In the welding experiments depicted in �gure 10, a consistent welding velocity of 40 mm/s was maintained,
while the laser power was varied. These tests were conducted on a mild steel. The resulting welds
were destructively tested. Speci�cally, the welds were cross-sectioned along their length for subsequent
longitudinal bright-�eld microscopy imaging.

The metallic vapor within the keyhole was found to partially absorb the incident OCT measurement
beam. A portion of the re�ected light was found to re�ect multiple times of the surface of the molten
keyhole walls before re�ecting back into the sensor. This resulted in the scattering of the captured
height using the OCT. There was a consideration that the characteristics of the plasma existent in the
keyhole during welding might introduce an inaccuracy as the di�erent refractive index might change the
optical path of the re�ecting measurement beam. This, in turn, could potentially result in a deeper
or shallower keyhole measured. However, within the same study it was shown that the impact of the
plasma's refractive index on the OCT measurements is minimal.
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The primary �nding of the study is that at laser power levels below a threshold laser power of 1.67 kW,
there is no keyhole formed in this laser welding con�guration. This is referred to as "conduction mode
welding". In this scenario, the OCT measurement beam directly re�ects of the surface of the laser-induced
melt pool. As the laser power increases, surpassing the threshold of 1.67 kW, the substrate undergoes
vaporization, leading to the creation of a keyhole. Thus, here it transitions from "conduction mode" to
"keyhole mode" laser welding. The OCT proves e�ective in detecting this transition. The measurements
by OCT reveal the increasing penetration depth, which is directly related to the increase in laser power.

2.4.2 Laser Material Deposition with wire (LMD-w)

A study of Stehmar et al. introduced and evaluated a setup that uses a Laser Beam Deposition (LBD)
system with co-axial wire feeding, also referred to as Laser Material Deposition - Wire, LMD-w [53]. This
system incorporated a SD-OCT for in-situ monitoring of the weld using a circular scan pattern of the
OCT measurement beam around the presumed location of the melt pool. Incorporating the OCT system
into a LMD-w process was an attempt to eliminate the necessity for post-production quality checks. This
was to be achieved by adjusting process parameters in real-time based on the in-situ OCT measurements.

The study limits in-situ measurements to the circular scan pattern, as shown in �gure 11(a), and does
not utilize the scanning capabilities of the galvo for in-situ monitoring of the melt-pool itself. Instead, a
representation of the measured surface, or in this study referred to as 'volume scan', was obtained from
the in-situ measurement of points surrounding the presumed location of the melt pool as shown in �gure
11(b). That is, points were captured in positions where melting is yet to occur and where solidi�cation
presumably has already happened.

(a) (b)

Figure 11: (a) In-situ OCT scan pattern and (b) resulting 3D surface pro�le (volume scan) of a clad
track deposited using a LMD-w setup [53].

In this experiment, the in-situ measurement follows a circular scan pattern that focuses the OCT mea-
surement beam to positions around the melt pool rather than the melt pool itself. The movement of the
processing head facilitates the construction of a volume scan. Consequently, the study does not present
results that have captured the melt pool. From this experiment, it can be concluded that the region
that is presumably right behind the melt pool, is well measurable using the OCT system, as ultimately
a seemingly accurate volume scan is created.
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2.4.3 Laser Powder Bed Fusion (L-PBF)

An experiment attempting to capture the characteristics of a laser-induced melt pool using low-coherence
interferometry was found in the study of Kanko et al. [50]. This study has integrated an Inline Coherence
Interferometry (ICI) system. It is very comparable to OCT as it also makes use of a Michelson interfer-
ometer. It is deployed on a Selective Laser Melting (SLM), or Laser - Powder Bed Fusion (L-PBF) system
that uses a pre-placed powder bed on top of a substrate that can be moved relatively to the optical head
as it rests on an x-y motion stage. A schematic of this setup is given in �gure 12(a).

(a) (b) (c)

Figure 12: (a) Schematic overview of experimental setup and (b) the sample during processing (b) and
(c) the resulting in-situ OCT measurement [50].

Figure 12(b), (c) illustrate how the melt pool is shaped along its lengthwise direction. It was obtained by
longitudinally sweeping the measurement beam along the length of the melt pool during processing. Here,
an imaging rate of 200 kHz was used. The coloring in the image is representative of the backscattered
intensity at this scan point.

This study reveals visually distinguishable regions along the longitudinal pro�le of the melt pool, as can
be seen in �gure 12(c). The regions are distinguishable through the intensity of the re�ection per position
of the measurement beam. It is observed that in the front-end [0 - 400µm] the intensity of the signal
is comparatively low. In the region behind [400 - 500µm] it is high. From [500 - 650 µm] the captured
intensity is almost completely vanished. From [650 - 1000µm] it is again high, after which at [1000 -
1200µm] it is decreased.

This reduced signal density at the front-end area of the melt pool [500 - 650µm] is explained by specular
re�ections from liquid stainless steel and the angle of the melt pool relative to the substrate. A substantial
portion of the incident imaging light on the front of the melt pool is re�ected at angles beyond the
numerical aperture of the imaging system. The high signal intensity from [650 - 1000µm] is mentioned
to be caused by the trailing wake of a stable melt pool. Then the transition at [1000µm] is mentioned
to be suggestive of a liquid-solid phase transition, after which light re�ects di�usely.

As stated, these distinctive regions are explained by the occurrence of either specular or di�use re�ections
of the measurement beam o� the surface, as illustrated in �gure 13. In the case of a molten surface the
incident light is re�ected specularly. Upon hitting an inclined surface this results in a re�ection beyond
the acceptance cone or numerical aperture, as illustrated in �gure 13(a). In �gure 13(b) it is demonstrated
that, in the case of a di�use re�ection (on an inclined surface), such as that caused by a surface with
irregularities or with a certain level of roughness, some incident light returns within the acceptance cone
of the imaging system. However, this comes at the expense of a diminished intensity of the captured
re�ection, as a signi�cant amount of light also falls outside the acceptance cone.

2.4.4 Summary

While OCT systems have found diverse applications in various laser material processes, no speci�c studies
were identi�ed regarding its application in laser cladding with powder feed. Also, a research trying to
capture the characteristics of the melt pool in laser cladding using an OCT system has not been earlier
conducted. Nevertheless, useful insights regarding the behaviour of OCT-like systems were gained from
its application in other laser material processes.
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(a) (b)

Figure 13: Schematic comparison of specular (a) and di�use re�ections (b) [50].

Year Author Application (Focus of Work) Process OCT Type

October 2010 Webster et al.
Automatic real-time guidance through
ICI in Laser drilling process

Laser Drilling Unspeci�ed SD-OCT system

April, 2014
Bautze and
Kogel-Hollacher

Keyhole depth monitoring in
a Laser Welding process using IDM

Laser Welding Precitec IDM (In-Process Depth Meter)

December, 2015 Kanko et al.
In-situ morphology-based defect detection
through ICI in Selective Laser Melting Process

L-PBF
SD-OCT from Laser Depth Dynamics
(LD-600-AL)

September, 2017 Dupriez and Denkel

Advances of OCT Technology for
Laser Material Processing,
speci�cally Laser welding. Seam tracking and
in-process quality control capabilities are discussed

Laser Welding
Lessmüller Lasertechnik OCT on
Trumpf BEO 70D

May, 2018 DePond et al.
Quality monitoring, speci�cally surface roughness,
of a L-PBF process

L-PBF
SD-OCT from Laser Depth Dynamics
(LD-600)

December, 2019 Fleming et al.
Monitoring powder pack density and consolidation
using OCT in a L-PBF process

L-PBF
SD-OCT from Laser Depth Dynamics
(LD-600-AL)

December, 2020 Sokolov et al.
Application of OCT for weld depth monitoring in
Laser Welding of battery tab connectors

Laser Welding Precitec IDM

March, 2022 Stehmar et al.
Process monitoring using OCT in a
coaxial LMD-w process

Laser Cladding Precitec IDM

January, 2023 Will et al.
Prediction of electrical resistance
using surface topography as measured
from application of in-line OCT

Laser Welding
Lessmüller Lasertechnik OCT on
Trumpf PFO PFO 33-2

May, 2023 Xie et al. Laser welding depth determination using OCT Laser Welding Unspeci�ed SD-OCT system

Table 1: Chronological overview of appearances of OCT in laser material processing techniques.
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3 Experimental Setup and Methodology

3.1 Experimental Setup

3.1.1 Laser Cladding Equipment

The experimental setup for laser cladding features a Yb:YAG disk laser (TruDisk 10001, TRUMPF SE
+ Co. KG, Germany), utilizing a 600 µm circular core �ber to generate a top hat intensity pro�le at a
wavelength of 1030 nm. Following a beam pro�ling measurement carried out at 800 W, the following is
found. The laser source produces a beam which has a beam parameter product (BBP) of roughly 27.5
mm· mrad. The beam has a beam quality factor M2 of approximately 83.7. The laser beam is focused
using a 425 mm focal length lens, resulting in an approximate spot size of 1.20 mm in focus. The beam
pro�ling measurement is shown in Appendix A.

The system is operated with an IRB-2600M2004 robot (ABB, Switzerland), which provides six degrees of
freedom and is equipped with a BEO-D70 optical head mounted on the end-e�ector. Powder is delivered
by a Twin 150 feeder (Oerlikon Metco AG, Switzerland) and introduced into the laser-induced melt pool
via an o�-axis nozzle (Fraunhofer ILT, Germany) with an inner diameter of 1.5 mm. Argon is used as
both the carrier gas at 2.5 NLPM and the shielding gas at 20 NLPM, supplied by separate o�-axis nozzles
(Fraunhofer ILT, Germany).

Monitoring is achieved with a co-axial thermal camera system, E-MAqS (Fraunhofer IWS, Germany),
which operates at a frame rate of 60 fps with a resolution of 640 x 480 pixels. The video captures from
this camera system are analyzed using Kinovea software. To determine the camera's �eld of view in
this setup, a broadband Thorlabs lamp was employed as an illumination source, with a sheet of metal
featuring cut-out millimeter markings placed above it. To visualize these markings, the lamp must be
activated, and the E-MAqS thermal camera's pneumatic long-pass �lter should remain disengaged. This
con�guration enables assessment of both the �eld of view and a suitable position for the focusing optic,
a confocal lens with a focal length of 40 mm, along the beam path towards the camera, ensuring it is
capturing in focus. The resulting camera frames are presented in �gure 14.

(a) (b)

Figure 14: Colorized E-MAqS camera frames showing illuminated millimeter markings: (a) out of focus,
and (b) in focus.

Figure 14 demonstrates that the 640 pixels across the camera frame correspond to approximately 10 mm
in width, resulting in a resolution of 15.625 µm/pixel.

The optical head, as shown in �gure 15, comprises, among other components, a collimator, mirrors,
a dichroic mirror, and a beamsplitter. Also, a crossjet air �ow is integrated into this optical head.
This component redirects, using pressurized air, contaminants and metal splashes, thereby extending the
lifespan of the protective glass, that is protective of the focusing lens. Additionally, the optical head
features a CCD camera (TRUMPF SE + Co KG, Germany), which is connected to a display outside
the cell the laser operates in. For clarity, power cables, data cables, the powder tube, gas channels, and
water cooling channels are not shown.

Using this setup, laser-cladded tracks were laid on a substrate of standard 316L steel using the powder
named Micro-Melt 23. The speci�c content of this powder can be found in table 2. The OCT system
deployed in the setup is manufactured by Lessmüller Lasertechnik (Germany), speci�c details regarding
the OCT will be covered in the next section.
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Material Chemical composition (wt.%)

Fe C Cr Ni Tu Mo Si V Mn S / N

Micro - Melt 23 Balance 1.30 4.20 - 6.30 5.00 0.35 3.10 0.30 -
Standard 316L Balance 0.03 16.50-18.50 10.00-13.00 - 2.00-2.50 1.00 - 2.00� 0:1

Table 2: Chemical composition of powder and substrate material.

Figure 15: Schematic overview of the laser cladding setup.

20



3.1 Experimental Setup 3 EXPERIMENTAL SETUP AND METHODOLOGY

3.1.2 Nozzle Alignment

Figure 16: Schematic overview of the nozzle positions.

The shielding gas nozzles are positioned as illustrated in �gure 16. The powder nozzle is angled at 60
degrees relative to the substrate. The laser is focused on the substrate surface, positioned 425 mm below
the focal lens. During cladding, the substrate is securely �xed in place.
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3.1.3 Lessmüller Lasertechnik OCT system

Having delved into the fundamentals of OCT systems and their (basic) signal processing in section 2.3
and 2.4, the focus now shifts to a speci�c OCT system developed by Lessmüller Lasertechnik (Germany).
This particular system, which is used in this research, is manufactured for integration on a TRUMPF laser
welding optic (BEO D70). This OCT system is primarily engineered for seam tracking during a (keyhole)
laser welding process. There, it is also used to determine the maximum keyhole depth. Furthermore,
the system is used to capture the surface pro�le of the cooled seam, thereby providing insights into the
quality of the seam. A schematic setup, representative of the entire OCT system, is shown in �gure 17 .

Figure 17: Schematic overview of the OCT system of Lessmüller Lasertechnik mounted on a laser
welding optical head [54].

The OCT system consists of two main components: the OCT SCANNER and the OCT SENSOR. The
OCT SCANNER is a galvo scanner equipped with two 7 mm mirrors. This scanner o�ers an angular
resolution of 12µrad, repeatability of 2 µrad, and drift of 10 µrad per degree Kelvin. Its step response time
for small angles is 0.2 to 0.25 ms, with a jump velocity of approximately 10 m/s. The OCT SENSOR, an
interferometer, is equipped with a light source and a spectrometer. Together, these components qualify
the system as a Fourier domain OCT, speci�cally the spectral domain type (SD-OCT).

The light source in the OCT sensor is a broadband superluminescent light emitting diode (SLED), this
source exhibits a Gaussian spectral distribution with a central wavelength of at 840 nm, as is shown in
�gure 18. This distribution shows a spectral bandwidth of � 20 nm at full width half maximum (FWHM),
that is at a normalized intensity value of 0.5, and a power output of 30 mW.

The radiation of the light source is transmitted to the OCT SCANNER through a polarization-maintaining
�ber with a core diameter of 5.5 µm. The interference of the reference arm and sample arm beams takes
place within the OCT SCANNER, and this is captured in the spectrometer of the OCT SENSOR. The
OCT spectrometer features a 2048-pixel line camera with a lines rate of up to 250 kHz. The exposure
time, as used across experiments, is 2µs. It has an axial measurement range of approximately 12 mm and
provides an axial resolution of approximately 12µm. Integrated within the OCT SCANNER is a folded
reference arm with a variable optical length. This design is purposeful, aiming to prevent measurement
errors arising from temperature variations between the sample and reference arms. The OCT SUPCAB
SV supply cabinet houses the OCT SENSOR and OCT IPC as well as the power block and all di�erent
connections. Standard �eldbus connections can be used to facilitate communication between the OCT
IPC and the robot.
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Figure 18: Normalized spectral distribution of a Gaussian SLD centered around 840 nm with spectral
bandwidth of � 20 nm at FWHM.

The OCT system's lateral scanning area covers a± 15 mm radius on the substrate around the center point
(0,0), which is large enough to accommodate various stages of a welding or cladding process, including
the substrate pre-track, melt pool, and the cooled seam or deposit. The lateral resolution is, at best, 3.18
µm. In this system, axial and lateral resolutions are not coupled, meaning that decreasing the lateral
resolution does not have any e�ect on the axial resolution. Notably, re�ections of the process beam during
welding or cladding are claimed to not impact the OCT measurement. Also, the OCT system is claimed
to be insensitive to dust in the processing environment.
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3.2 Methodology

Performing OCT Measurements

3.2.1 Scan Lines

The OCT system by Lessmüller Lasertechnik, equipped with their own software packages (LLT-CLIENT,
LLT-TESTER, LLT-PLAYER), allows for a �exible construction of a measurement con�guration. The
most conventional method being the con�guration of a scan pattern using multiple scan lines. This
method is also used in the industrial applications as seen earlier, such as precise seam tracking in laser
welding.

A scan line represents a speci�ed number of points arranged in a linear fashion, which can be oriented
horizontally, vertically, or diagonally at any angle. Curved scan lines are not supported. In this work,
scanning refers to the sweeping movement of the galvo scanner as it steers the measurement beam of the
OCT along the points of a speci�ed line. A single line can include a maximum of 1000 points. The lateral
resolution along a scan line is limited to 3.18µm. Therefore, a line with the best resolution would span
3.18 mm, if it includes 1000 points.

When con�guring multiple scan lines, up to four can be de�ned. However, the total number of points
remains capped at 1000. If a second scan line is added, possibly with a di�erent orientation (horizontal,
vertical or any angle in between), the total 1000 points must be divided between the two lines. The
galvo scanner sweeps along a line and jumps between lines. Since these jumps to new positions require a
brief stabilization time, extend points are used. These are, the �rst points along a scan line that are not
measured or are excluded from evaluation.

A scan pattern can be customized in a 2D window where each line's start and end points are speci�ed,
as shown in �gure 19(a). Within this window, the tool center point (TCP) is located at the coordinates
(0,0). In the context of seam tracking in laser welding, a typical scan pattern consists of three scan lines:
one vertical line positioned in front of the TCP (green), which inspects the substrate before welding,
one horizontal line crossing the TCP (red), which monitors the weld and melt pool and one vertical line
located after the TCP (blue), which examines the freshly laid weld. A similar setup can be deployed on
a laser cladding setup, of which a schematic is shown in �gure 19(b).

(a) (b)

Figure 19: (a) Scan lines and transition path in con�guration mode; (b) schematic showing (1) pre-, (2)
in-, and (3) post-process scan lines positioned on a clad track.

Now assume a �ctive measurement with only one active scan line containing 500 measurement points, this
measurement can be initiated either through �eldbus connection or manual activation. The measurement
begins by sweeping the galvo scanner along the speci�ed line. Once 500 points have been measured, a
single frame of a video is completed. In this speci�c case, where only a single scan line is active, the galvo
scanner performs a �yback returning to the �rst position, scanning the same line in the same direction
and thereby completing another frame. This process continues, constructing a video frame by frame,
until the measurement is stopped. An example of the resulting frames obtained by applying the scan
lines during the deposition of a clad track, following the pattern in �gure 19, is shown in �gure 20. The
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(a) (b) (c)

Figure 20: OCT images made during laser cladding resulting from (a) pre-process, (b) in-process, and
(c) post-process scan lines.

video, from which these frames are extracted, alternates between di�erent scan lines, showing a frame
corresponding to scan line 1, followed by scan line 2, then scan line 3, and then returning to scan line 1,
and so on.

The software enables real-time evaluation during processing using evaluation algorithms. Since the soft-
ware is primarily designed for laser welding applications, it includes a variety of algorithms speci�cally
made for di�erent weld con�gurations. These algorithms typically de�ne limits or bounds within which
a measurement must remain for the process to continue. If the real-time evaluation detects an issue,
such as the weld going o� track or exceeding speci�ed limits, the welding process can be automatically
halted, and the resulting video of the measurement will be �agged as "NOT OKAY". Using the evaluation
algorithms can help in minimizing costly errors.

3.2.2 Raster Scan

Another method for performing measurements is the raster scan. This technique involves measuring a
grid of points, like in a raster, hence the term "raster scan". The process begins by de�ning a scan line,
similar to previous methods. The con�guration then determines how this scan line is moved to create
a 2D grid of measurement points, rather than continuously updating the same line as in the previous
method.

Typically, a vertical or horizontal scan line is used, which is then moved linearly to form a square or
rectangular grid of measurement points. The con�guration allows for specifying the distance between the
scan lines. Scan lines can also be rotated to create a circular grid of measurement points. Additionally,
a "step wait time" can be speci�ed, which is the time the scanner waits before moving from the end of
one scan line to the start of the next. In this research, this has not been used.

Similar to continuous scan line measurements, the measurement can be initiated and terminated either
through a �eldbus connection or manually. A signi�cant di�erence between raster scans and conventional
scan line measurements is that, under current software support, raster scans do not utilize evaluation
algorithms. Consequently, they cannot be used for direct process control. Unlike continuous scan line
measurements, a raster scan operates as a one-time process. It performs the measurement, captures a
frame for each scan line in the raster, and then concludes the operation.

Summarizing, the raster scan generates a video containing frames belonging to the scan lines at di�erent
positions and ultimately also constructs a 3D point cloud from this data. Yet it does not provide any
evaluation during processing.
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3.2.3 Frame Information

A single frame, whether obtained from a scan line measurement or a raster scan, results in a 2D grayscale
image. In this image, each column of the image corresponds to a single measurement point, while the
rows represents the actual relative height position. The height is represented by 1024 pixels, which span
a measurement window of approximately 12 mm. This provides a resolution in the image of roughly 12
µm/pixel (12 mm / 1,024 pixels) along the height of the image. The 1024 pixels correspond to the 2048-
pixel line camera integrated within the spectrometer, as the Fourier Transform of a real-valued signal
generates a symmetric output, with the second half being the complex conjugate of the �rst, leaving only
the �rst 1024 pixels containing unique frequency information. The captured intensity values are scaled
and assigned to the corresponding pixels in the image. Now revisiting the running example where 500
points are de�ned along a single scan line, a single frame will then produce an image with dimensions [500
x 1,024] pixels. Each column in this image thus contains 1024 pixels, with intensity values normalized to
scale proportionally between 0 and 1024. As a result, the limit values of 0 and 1024 will be present in
every column. In the visualization, intensity values are mapped to greyscale colors, with 1024 representing
white and 0 representing black.

Initially, the resulting image may appear to have a distorted aspect ratio, which is expected due to the
di�erent resolutions along the width and height. Along the width of the image, each pixel represents the
lateral resolution, calculated as the scan line length divided by the number of points. Along the height,
each pixel represents approximately 12µm. The software does o�er an option for aspect ratio correction.
However, this is not recommended, as it involves cropping the image and averaging pixel intensities, which
can distort the dataset and thereby compromises the accuracy of the measurement. Greyscale images of
a clad track pro�le, both with and without aspect ratio correction, are shown in �gure 21.

(a) (b)

Figure 21: Greyscale OCT images (a) without and (b) aspect ratio correction.
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3.2.4 Point Clouds

3D point clouds can be generated using either continuous scan lines or raster scanning methods. The
raster scan method is generally more straightforward and convenient. As already mentioned, once a raster
scan is completed, the resulting measurement includes both the images corresponding to each scan line
and the generated 3D point cloud. This data is saved as an.HDRZ �le, which can be opened in the LLT
Player software. From this software, the point cloud can be exported as a.pcd �le for further processing.

Alternatively, continuous scan lines can also be used to construct a 3D point cloud. In this approach,
the software constructs a point cloud based on an the speed that is speci�ed. However, the software
is designed to handle only straight paths. If the end-e�ector of the robot follows a curved or angled
trajectory, the point cloud will inaccurately represent the 3D geometry, spacing the points according to
the speci�ed speed but failing to account for the curvature of the path.

When visualizing a point cloud of a laser-cladded track in the LLT Player software, the need for post-
processing becomes evident when analyzing the surface pro�le. Figure 22 shows a 3D point cloud obtained
through a raster scan over a distance of 10 mm and a width of 4 mm. While the surface pro�le of the clad
track can be distinguished, it is not clearly visualized, as many other points are plotted both above and
below the substrate and clad track pro�le. Later, these points will be classi�ed as outliers and �ltered
out. The rectangular red box is included solely for visualization purposes to highlight the clad track
pro�le.

(a) (b)

Figure 22: (a) Corner view and (b) side view on the OCT point cloud, created using an ex-situ raster
scan (10 mm x 4 mm), of a clad track (700 W - 5mm/s).

Open3D

Open3D is a Python library designed for handling point cloud �les, such as .pcd or .ply formats. The
primary goal of using Open3D in this research is to visualize the clad track surface pro�le more clearly by
removing unnecessary points above and below the substrate surface and clad track pro�le. The process
begins by cropping the point cloud, which involves introducing a bounding box to isolate the region of
interest. A new point cloud is then created, containing only the points from the initial cloud that fall
within this bounding box. Afterward, outlier removal is applied using either one of two methods, namely
Statistical Outlier Removal or Radius Outlier Removal [55].

27



3.2 Methodology 3 EXPERIMENTAL SETUP AND METHODOLOGY

Statistical Outlier Removal

Statistical Outlier Removal (SOR) is a technique that evaluates the Euclidean distances between each
point and its neighboring points and removes points that deviate signi�cantly from their local neigh-
borhood. It starts by specifying the amount of neighbors,nb � neighbors, to consider. These are the
closest points to the point in question. The method calculates the average absolute distance between the
given point and its neighbors as well the standard deviation of these distances. For every neighbor, the
deviation to the mean is divided by the standard deviation in the local neighborhood to obtain a ratio.
This ratio is compared to a standard deviation threshold, std � ratio . Neighbors with a ratio greater
than the threshold are considered to be outliers and are removed from the point cloud. Thestd � ratio
parameter sets the sensitivity of the �lter; a lower ratio results in a more aggressive �lter that removes
more points as outliers, while a higher ratio is more lenient. Once a point is removed, it will not act as
a neighbor for other points.

Radius Outlier Removal

The other method for �ltering out points based on their local density is Radius Outlier Removal (ROR).
The process works by specifying the minimum number of pointsnb � points that must be found to the
point in question within a speci�ed radius, r sphere , of a spherical region. Points with fewer neighbouring
points than the speci�ed nb � points within the sphere with radius r sphere , are classi�ed as outliers and
removed from the point cloud. To make the �lter more aggressive, one should decrease thenb � points
threshold or reduce theradius . Vice versa to obtain a more lenient �ltering.

Both ROR and SOR methods were tested and deployed on a variety of point clouds containing the
surface pro�le of a clad track. A visual analysis showed no signi�cant di�erences in their e�ectiveness.
Consequently, the SOR method was arbitrarily chosen for further use. The point cloud shown in �gures
23 and 24 may appear as a surface due to the size of the plotted points. However, this is not a surface
but a still visualization of all the points. The colorscale is representative of the relative height of the
plotted points.

(a) (b)

Figure 23: (a) Corner view and (b) side view of point cloud visualized using Open3D after cropping.

(a) (b)

Figure 24: (a) Corner view and (b) side view of point cloud visualized using Open3D after removing
outliers.

28




	Introduction
	Background
	Problem Definition
	Research Objectives
	Thesis Structure

	State-of-the-Art
	Fundamentals of Laser Cladding
	Clad Track Characteristics
	Process Parameters
	Influence of the Melt Pool Shape on the Clad's Microstructure 
	Process Physics

	Working Principles of Optical Coherence Tomography
	Signal formation in OCT
	Laser Material Processing with OCT
	Laser Welding
	Laser Material Deposition with wire (LMD-w)
	Laser Powder Bed Fusion (L-PBF)
	Summary


	Experimental Setup and Methodology
	Experimental Setup
	Laser Cladding Equipment
	Nozzle Alignment
	Lessmüller Lasertechnik OCT system

	Methodology
	Scan Lines
	Raster Scan
	Frame Information
	Point Clouds
	Noise


	Results
	Ex-Situ
	Assessment of Surface Geometry
	Benchmarking OCT against Confocal Imagery

	In-Situ
	Evaluating the Impact of Shielding Gas and Powder Stream on OCT Measurements
	Comparative Analysis of OCT and Thermal Imaging during Laser Welding
	Assessment of OCT measurement during Laser Cladding
	Comparative Analysis of OCT and Thermal Imaging during Laser Cladding
	Process Fluctuations
	Reconstructing Surface using Interpolation


	Discussion
	Conclusions and Recommendations
	Appendices

