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Abstract

Blown powder directed energy deposition (DED), commonly known as laser metal
deposition (LMD), is discussed in this thesis. All industries demand engineering components
with required surface characteristics, including suitable wear and corrosion resistance and
hardness properties. Thus, in some cases high-grade alloys are essential to achieve the
desired surface quality. However, industries are primarily interested in reducing the cost of
engineering parts with these surface characteristics. With a cheaper substrate material and
the appropriate coating alloy, cost reductions can be achieved very easily. High powder
catchment efficiency, deposition rate and coverage rate can enhance productivity and
increase cost-effectiveness. Laser cladding is an effective technique for changing the

physical and chemical properties of material surfaces.

This thesis starts by providing guidelines and advice for researchers and engineers in the
field of laser cladding and related Direct Energy Deposition (DED) techniques, to help
establish a standardised approach to quality assessment and productivity metrics. Factors
considered are; deposit geometry, porosity, cracking, dilution, deposition rate/coverage rate
and powder catchment efficiency. Although there is an exceptionally large body of research
work on laser cladding and related Direct Energy Deposition (DED) techniques, there are no
clear guidelines about which quality and productivity parameters are important to the
relevant branches of industry, nor are there any general rules about what constitutes a high-
quality deposit.

The main focus of the work in this thesis concerns investigation of a new laser cladding
technique (‘ABA’ cladding) wherein a series of separate, or only slightly overlapping clad
tracks are laid down initially (the ‘A’ tracks), and these are later interleaved with tracks
which can use different parameters (the ‘B’ tracks). ‘ABA’ cladding was found to have
considerable benefits over traditional laser cladding including improved powder catchment
efficiency and coverage rates, more predictable metallurgy, and dilution levels. The ‘ABA’
process was studied in order to understand the underlying reasons for the observed benefits.
The majority of the study was conducted using high-speed video frames, in conjunction with
cross-sectional and surface images of the clad and quantitative analysis of the results.

Manufacturing companies could benefit from several of the results generated.
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1 Chapter I. Introduction

1.1 Background and problem definitions

Engineering components consider the surface to be the most important part since most
failures occur at the surface. Consequently, a field of engineering has been established,
called "surface engineering”, which mainly focuses on modifying surface properties in
accordance with requirements to improve the functionality of surface manufactured products
[1, 2]. In addition to fatigue, corrosion and wear resistance are the three primary factors
influencing the life expectancy of engineering components [3]. The cost of maintenance,
repair, part replacement, and shutdowns caused by these factors has an enormous economic
impact on industries. In surface engineering, processes such as surface modification,
alloying, and coating, can provide a solution to increased resistance to wear, corrosion and
oxidation; improvement in mechanical, electrical, electronic, and thermal properties;
improve the lubrication properties and reduce friction coefficients [4]. This treatment may
be achieved by deposit of a clad on the substrate surface or by modifying the surface itself
[5]. Surface engineering includes a variety of processes used to alter the surface
characteristics of material components, ranging from conventional techniques to more

advanced coating techniques and surface treatment methods [6].

Lasers have a vital role in modern technology. Due to its versatility, laser manufacturing has
become one of the most valuable and versatile tools for material processing. One of its most
important characteristics is its ability to achieve very high-power densities when focused.
Therefore, it is suitable for heating, melting, evaporating, bringing to a plasma state, and, as
a result, it can also be used for heat treatment, labelling, cladding, and cutting. A rapidly
growing research area is laser surface engineering, which enhances the performance of a
variety of components in many different applications [7, 8]. Laser surfacing technology
produces metallurgically bonded coatings rather than mechanically bonded coatings. Often,
laser-surfaced coatings have a greater thickness than coatings produced by other surface
engineering methods. There are several lasers supported surface modification processes
available, including: laser surface melting [9], laser surface alloying [10] and laser surface
cladding [11]. There have been a number of approaches that have demonstrated the
effectiveness of using lasers to improve surface properties, and laser cladding (LC) may be

considered the most versatile method of improving surface properties.
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All industries demand engineering components with required surface characteristics,
including suitable wear and corrosion resistance and hardness properties. Industries are
primarily interested in reducing the cost of engineering parts with these surface
characteristics [12]. With a cheaper substrate material and the appropriate coating alloy, cost
reductions can be achieved very easily. Laser cladding is an effective technique for changing
the physical and chemical properties of material surfaces [7, 13]. The application of laser
cladding is one of the different coating methods that offers advantages over other surface
engineering technologies. Among them are substantial metallurgical bond at the substrate-
coating interface [14, 15], low substrate distortion [16], minimal dilution [17], low porosity
and controlled heat input with low heat affected zone (HAZ) [18]. In 1976, AVCO Everett
research laboratory in the United States patented the use of lasers for cladding [19]. By
melting an additive material and a thin layer of a substrate simultaneously, laser acts as the
heat source for creating a meltpool. A track is formed when the laser beam moves relative
to the substrate. It is common to refer to the track as a clad bead. As a feedstock material,
wire or powder can be used for cladding. Overlapping tracks can be used to cover a
component completely. To perform laser cladding, a CO> laser, or a variety of Nd:YAG
lasers are commonly used. As a result of their greater efficiency, cost savings, and
adaptability to various working environments, fibre lasers are rapidly replacing traditional
lasers [20, 21]. In contrast to COz lasers, fibre lasers use an integrated optical fibre to deliver
their energy, allowing considerable flexibility in how the cladding is designed. Additionally,
fibre laser beams provide excellent beam quality as well as the ability to focus to exceedingly
small areas [20].

Laser cladding has several applications across a wide range of industries, including aircraft,
aerospace, automotive, tooling, and manufacturing [ 22, 24, 25, 26, 27, 28, 29, 30]. Involves
the application of high-quality coat surfaces, reconstructing the damaged surfaces,
deposition of hybrid materials [31, 32, 33, 34, 35]. Moreover, laser cladding is a highly
effective method of improving abrasive wear resistance, corrosion resistance, erosion wear
resistance [36, 37, 38, 39, 40, 41].

Several commercial laser cladding systems have been available in industry, which are based
on powder-based technologies. Wire is becoming more popular in laser metal deposition due
to several significant advantages: 100% of the material can be deposited, the process is
cleaner, the deposition rate can be high, and the wire feeding system is simple, despite this,
it is difficult to control the position of the wire [42, 43].
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By using laser cladding with wire instead of powder feeding, the process environment can
be kept cleaner, the deposition rate can be increased, and the surface quality can be improved.
A wire is also more cost-effective than a powder because the cost of manufacturing a wire

is lower.

Compared with wire feed and blown powder processes, the powder injection process
provides greater flexibility [44, 45, 46]. Powder alloys are more readily available than wire
materials [47, 48]. Furthermore, the method is more reliable than wire cladding, as it does
not have direct mechanical contact with the interaction zone [49]. Hence, the laser beam can
easily irradiate the substrate surface because the laser is not fully blocked by the powder
stream. In general, this method has advantages over alternative methods in terms of energy
efficiency [50, 51].

Investigations into laser cladding with blown powder has grown to achieve industrial status,
particularly with the development of additive manufacturing. Nowadays, the process
commonly utilizes a processing head that supplies a stream of the cladding powder alloy
coaxially with a defocused laser beam. One of the aims of the process is to melt all the
powder which arrives at the laser-material interaction area into the clad track. Unfortunately,
complete capture of all the incoming powder is not generally possible, and a certain
percentage of powder escapes the process, often by deflection off the solid material beyond
the edges of the melt pool or the surface of the melt pool itself. This ‘escaping’ powder is an
important feature of the profitability of the cladding process because the powder is expensive

and generally cannot be recycled [52].

The powder catchment efficiency of the process has a strong influence on costs and is thus
of prime importance to industrial users. This efficiency is simply the percentage of powder
provided to the process which becomes part of the laser melted clad layer. The results of a
survey of investigations into DED laser cladding over a wide range of process parameters
and different laser types, done as part of this work, reveals that powder catchment can often
be well below 50%. This is clearly a problem as the powder is expensive and unused powder
cannot be recycled into the cladding process, which depends upon high levels of powder

uniformity.
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Standard laser cladding involves laying down an initial track on the substrate surface and
many research investigations simply compare single tracks of this type laid down under
different processing conditions. In industrial practice however, single tracks of this type have
very limited application as it is much more common to overlap track one with track two,
then track three, etc., until the required clad surface is achieved. The clad tracks are
ostensibly identical. However, this similarity only becomes apparent once a few tracks have
been laid down. In the initial stages of the process, the previous tracks affect the shape of
subsequent ones in various ways. This point is rarely discussed in the literature [509] but is
clear in the cross-sections of clad layers presented by most researchers in the field [53, 54,
55, 56, 57]. In this area, there can be major differences in local clad track height, cross-
section, and metallurgy. For example, because it is the only track laid upon a flat surface,
track 1 will have a different melt pool geometry which will affect powder capture and the

level of dilution of the cladding alloy with the substrate compared to subsequent tracks.

Although there is an exceptionally large body of research work on laser cladding with blown
powder, there are no clear guidelines about which quality and productivity parameters are
important to the relevant branches of industry, nor are there any general rules about what
constitutes a high-quality deposit. In particular, in the area of blown powder deposition with
fibre laser, the data is limited. There is the need to investigate the links between quality and
productivity factors in order to gain a better understanding of the process and to be able to

apply it successfully in industry.
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1.2 Aims and Objectives

The main aim of this thesis is the improvement of blown powder laser cladding by

implementation of a new cladding strategy: ‘ABA’ cladding.
Specific objectives are listed below in order to accomplish these aims:

e Completion of a literature review on laser cladding.

e Review of the various current quality measures used in laser cladding to produce
relevant guidelines and advice for researchers and engineers in the field of laser
cladding and related Direct Energy Deposition (DED) techniques.

e Demonstration of the novel ‘ABA’ cladding strategy.

e Determination of quantitative information on powder catchment efficiency for
‘ABA’ cladding as a function of cladding parameters.

e Utilisation of high-speed filming and associated analysis to understand the powder-

melt pool interactions in ‘ABA’ cladding.

It is of course impossible to cover all the potential ground in one thesis, but many major

points are covered and directions to be taken by future work are made clear.
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1.3 Organisation of the thesis
This thesis is submitted in the Thesis by Papers format. The overall structure of the thesis is
as below. Each of the four results chapters is a submitted and/or already published paper.

References are given at the end of each individual chapter.
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Chapter 1. Introduction
Presents a brief overview of the thesis, its overall goal, objectives, and structure.
Chapter I1. Literature review

Provides a comprehensive literature review of the topics investigated in this thesis. First, a
discussion of the laser cladding technique is presented, emphasizing the current knowledge
regarding blown powder deposition, the current state of the art, and the research
opportunities identified. Secondly, a discussion of the quality and measuring techniques that

are available for direct energy deposition coatings is provided.
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The third section of the literature review focuses on laser cladding productivity. High-speed
imaging is explained in detail in the last section. The literature chapter concludes with an

explanation of research gaps and the hypothesis and objectives of the current study.
Chapter I11. Experimental procedures

This chapter provides information on all the experimental methods and equipment used in
this study are presented. The principles of the experimental techniques are also included so
that readers get a better understanding of the experimental activities carried out in this study.

Chapter IV-VII. Published papers

The following sections describe that the thesis is submitted in the form of a thesis paper that
contains previously published research. Accordingly, each of the next four discussion
chapters was written as an individual paper with an abstract, an introduction, an experimental
method, a discussion and a conclusion. For this thesis, each of these papers is designed to be

self-contained and unique.

Writing the thesis in paper form will result in some degree of repetition. Firstly, each paper
is structured as an independent piece of work, which meets all the requirements for
publishing in a journal. In addition, sections such as introduction and experimental methods
will contain some repetition, since all of these papers are related in some way. This is because
of the uniform methodology and overarching narrative utilized throughout the research,

despite different concepts yielding different results.

In Chapters 8 and 9, we'll explain how these four papers interrelate. It'll be accomplished by
analysing, integrating, and synthesizing the results to build a cohesive, comprehensive story.
The goal of these chapters is to explain how each paper's findings contribute to and interact

with the overall themes and hypotheses.

A subchapter has been added to the general discussion chapter where updated versions of
graphs are included and explained, which were not included in previous papers. This is due
to the fact that the last paper contains the correlation position of meltpool and powder stream
/ laser beam. The papers have, however, already been published and have been accepted by

journal editors who are professionals in the field.
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Chapter 1V. Assessing the quality and productivity of Laser Cladding and Direct
Energy Deposition (DED); Guidelines for researchers.

This paper provides guidelines and advice for researchers and engineers in the field in order
to help establish a standardised approach to the quantification of quality assessment in laser
cladding. Factors considered are; Geometrical quality, porosity, cracking, and dilution.

Chapter V. Improving laser cladding productivity with ‘ABA’ cladding.

In this work a new cladding technique is investigated wherein a series of separate, or only
slightly overlapping clad tracks are laid down initially (the ‘A’ tracks) and these are later
interleaved with tracks which can use different parameters (the ‘B’ tracks). The influence of
the process parameters was examined in the laser cladding of AISI 316L stainless steel
powders and using a coaxial powder delivery nozzle. Process speed, laser power, powder

flow rate and overlap strategy and were all found to have an important effect on the process.

Chapter VI. Powder catchment efficiency in laser cladding (Direct Energy Deposition).

An investigation into standard laser cladding and the ABA cladding technique

This paper investigates the efficiency of powder catchment in blown powder laser cladding
(Direct Energy Deposition) for standard ‘track by overlapping track' cladding and for ‘ABA’
cladding. In both these techniques the melt pool surface is the collection area for the cladding
powder and the shape of this pool is affected by several parameters including cladding speed,
inter-track spacing and which cladding technique is employed. The results presented here
are the result of an analysis of high-speed videos taken during processing.

Chapter VII. Laser cladding (DED); A High-Speed-Imaging examination of powder
catchment efficiency as a function of the melt pool geometry and its position under the

powder stream.

This paper provides quantitative information about the paths taken by powder particles
which enter and do not enter the laser generated melt pool during laser cladding (DED). A
proportion of the powder is ‘wasted’ by bouncing off the solid areas surrounding the melt
pool. This wastage reduces the productivity of the process. In this paper, specially developed
software was used to analyse High Speed Imaging videos of the cladding process, to monitor
the directions of powder particle flight towards and away from the melt pool area.
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This information has been correlated to the geometry and position of the melt pool zone for
three different cladding techniques; single track cladding (A tracks), standard overlapping
track cladding (AAA cladding) and a recently developed technique called ABA cladding.
The results show that the melt pool geometry, and particularly the overlap between the melt
pool and the incoming powder stream, have a strong influence on powder catchment

efficiency.
Chapter VI1I. General discussion

A summary of the most important results of each chapter of the thesis and a link between
them. Throughout this chapter, the main objective is to explain the key concepts and their

implications in a more comprehensive and understandable manner.
Chapter IX. General conclusion and Future work

The final chapter summarizes the scientific contributions made during the course of the
project, highlighting future directions for research based on the progress presented.
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2 Chapter Il. Literature review

2.1 Introduction

This chapter provides a comprehensive literature review of the topics investigated in this
thesis. The chapter begins by introducing the laser cladding, beginning with surface
engineering, expanding into laser surface engineering techniques, followed by laser
cladding, discussing laser cladding techniques and focusing on coaxial blown powder,

emphasizing the current state of the art, and the identified research opportunities.

2.2 Introduction to laser cladding

As a surface modification technique, laser cladding is gaining increasing attention in the
industry for applications of repair and coating, in addition to rapid prototyping [58-61]. The
purpose of this section is to provide a brief overview of the laser cladding procedure and

discuss its similarities and differences with other surface modification techniques.

2.2.1 Surface engineering

In most engineering components the surface is the most important part since most failures
occur at the surface. Consequently, a field of engineering has been established, called
"surface engineering”, which mainly focuses on modifying surface properties in accordance
with requirements in order to improve the functionality of the surface of manufactured
products [0]. In addition to fatigue, corrosion and wear resistance are the primary factors
influencing the life expectancy of engineering components [3]. The cost of maintenance,
repair, part replacement, and shutdowns caused by these factors has an enormous economic
impact on industries. An area of surface engineering that involves the modification, alloying,
and coating of surfaces, can provide a solution to increased resistance to wear, corrosion and
oxidation; improvement in mechanical, electrical, electronic, and thermal properties;
improve the lubrication properties and reduce friction coefficients [4]. This treatment may
be achieved by applying a coating on the surface or by modifying the surface itself [5].

The formation of surface layers could decrease, leave unchanged or even increase the size
of the object (Figure 2.1). Several techniques can be employed to achieve this; therefore they

are classified as follows.
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Figure 2.1 An illustration of the surface layers that are produced by various methods: a) decremental; b) non-
decremental; c) incremental; 1 - substrate; 2 - superficial layer; 3 - coating [256]

Decremental, involves the reduction of the dimensions of an object by machining. Non-
decremental, is achieved without changing the object's dimensions e.g., by ion implantation.
Incremental means that the object's dimensions are increased by chemical or thermo-

mechanical processes [256]. Laser cladding is incremental process.

Surface engineering includes a variety of processes used to alter the surface characteristics
of material components, ranging from conventional techniques to more advanced coating
techniques and surface treatment methods [6]. This includes thermal spraying, chemical
vapor deposition, physical vapor deposition, mechanical plating, welding, and laser

surfacing.

2.2.1.1 Laser surfacing

Laser surface engineering involves modifying a component's surface properties by
modifying the microstructure or adding extra materials [7, 8]. Laser surfacing technology
produces metallurgically bonded coatings rather than mechanically bonded coatings. Often,
laser-surfaced coatings have a greater thickness typically 1-2 mm than coatings produced by
other surface engineering methods. Laser surface engineering is concerned with providing
superior surface characteristics through laser heating, melting, cladding, alloying. Several
industrial applications utilize laser surfacing techniques, such as the aerospace, automobile,

maintenance, and repair industries [62, 63].

In summary, surface engineering applies to a wide range of products. Performance can be
enhanced, costs reduced, and surface properties can be controlled independently of the

substrate.
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2.2.2 Laser surface engineering

Surface modification of metallic surfaces using laser surface engineering technologies is an
innovative solution to improving their performance in hazardous industrial and
environmental conditions. Essentially, laser surface engineering refers to processes in which
electromagnetic radiation is emitted by laser sources, followed by absorption by materials,
resulting in localized heating [7, 8]. In reality, the energy that is applied to the surface can
be directed precisely to the points of application. Consequently, lasers provide a unique
opportunity for surface engineering. Among the many advantages of laser surfacing over
other surface engineering technologies are: controlled energy input and thermal
characteristics, consequently the size and shape of the heat-affected zone; minimal post-

processing (if necessary); and automating this process is relatively straightforward [13].

Combining laser power density with laser-material interaction time allows different
processes to occur, as illustrated in Figure 2.2. There are significant differences between
these processes in terms of absorption, melting, heat conduction, rapid solidification and the

addition of powder.
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Figure 2.2 Relationship between laser power density and interaction time for a broad range of processes [0]
Thermal cycling occurs in the surface layer due to the effect of the laser beam. An illustration
of the physical effects that occur during different types of laser surface engineering processes
can be seen in Figure 2.3. Nevertheless, a common characteristic of most laser surface
engineering techniques is rapid solidification, resulting in a more refined metallurgical

structure.
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Figure 2.3 An illustration of the physical characteristics associated with different laser surface engineering
techniques [256]

Laser surface engineering treatments can be categorized into two categories: thermal and
thermochemical. The thermal processes such as surface transformation hardening and

melting, change the surface characteristics by modifying the surface microstructure [0, 256].

2.2.2.1 Laser transformation hardening

Laser transformation hardening is one of the earliest laser-based methods of improving
surface layer properties. During the hardening process of carbon steel, the surface layer is
heated up to austenitic temperature level, followed by rapid cooling [0, 256]. In the end, a
martensitic transformation is obtained with a very fine grain structure. It has been widely
used in the automotive and process engineering industries to increase the wear resistance of

components [64, 65].
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2.2.2.2 Laser melting

Surface melting involves a similar procedure to transformation hardening, with the exception
that in this instance a focused or near focused beam is employed. The process is performed
by applying greater power densities in comparison with surface hardening. The process
involves rapid melting and quenching, which can lead to an improved microstructure [O,
256, 66]. With enhance tribological and mechanical properties. These melting processes are

often used for improving the surface properties of cast irons or tool steels [67, 68].

2.2.2.3 Laser alloying

Thermochemical techniques such as cladding and alloying change the composition of the
surface by adding additional materials to a melt pool [0, 256]. An illustration of the chemical
composition graph along the coat-substrate interface using thermochemical techniques is

shown in Figure 2.4.
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Figure 2.4 Various microstructures associated with laser alloying and cladding [256]
Surface alloys and phases are formed with specific characteristics. The laser alloying method
involves melting the alloying material and the substrate surface to modify their chemical
structure, which leads to increased wear and corrosion protection [0, 256, 66]. Due to
Marangoni flow, the mixture of the alloy and the substrate can be almost homogeneous,
unless the travel speed exceeds a certain threshold, in which case, insufficient mixing might
result [66]. However, the actual mixture of the alloy will be determined by the depth of melt
pool. Laser alloying provides the capability of manufacturing a range of alloys. A number

of alloys have been investigated for the purpose of alloying steel [69, 70].

40



2.2.3 Laser cladding

All industries demand engineering components with specific surface characteristics,
including suitable wear and corrosion resistance and hardness properties. Thus, in some
cases high-grade alloys are essential to achieve the desired surface quality. However,
industries are interested in reducing the cost of engineering parts with these surface
characteristics [71]. With a cheaper substrate material and the appropriate coating alloy, cost
reductions can be achieved very easily. Laser cladding is an effective technique for changing

the physical and chemical properties of material surfaces [7, 13].

Unlike previously discussed laser alloying, laser cladding involves a relatively low level of
dilution (<10%) and requires a significant amount of material added to the surface, generally
in the range of 0.05 to 2 mm thickness [1, 72, 73]. The purpose of cladding is to deposit
layers to provide a sufficient metallurgical bond between clad and substrate material while
improving the mechanical and chemical properties of the surface layer [257, 66, 74]. Early
in the 1970s, the technique was first applied for the construction of automobile valves [75].
The laser cladding process requires a laser with a sufficient power density to melt the
substrate surface and the additive material above their melting points in order to produce the
desired surface structure with pore and crack free coatings [72, 73]. Once the laser beam has
passed over the surface, a layer of solid material forms rapidly and provides excellent
adhesion bonding at the interface [74]. As part of the laser cladding process, temperature
plays a significant role in the interaction of the coating and the substrate material. Whenever
the temperature of the interface decreases below a certain point, the coating will exhibit a
significant amount of cracks, pores, and poor adhesion bonding. In contrast, excessively high
interface temperatures can cause the cladding properties to deteriorate by dilution. The
related laser and appropriate process parameters will influence the properties and
microstructure of material after laser treatment. By reducing the heat input, the grain
structure is refined and dilution is considerably reduced and substrate thermal degradation
[76].

In comparison to other methods of coating deposition, laser cladding has the following
advantages: a completely dense and metallurgical-bonded coating at the coating-substrate
interface is produced [77, 78], low degree of distortion [79, 80], limited defects [61, 63],
controlled dilution [81, 82] and minimised heat affected zone [83, 84], high solidification
rate [85, 86]. In terms of coverage rate efficiency or cost-effectiveness, laser cladding is not

the most suitable technique for the deposition of large surfaces.
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Laser cladding has several applications across a wide range of industries; aircraft [21, 22],
aerospace [24, 63], automotive [25, 26], tooling [27, 28], manufacturing [29, 30]. Laser
cladding involves the application of high-quality coat surfaces on engineering materials [31].
Furthermore, a damaged part can be repaired by reconstructing the damaged surfaces [32,
33]. This method is also suitable for the deposition of hybrid materials, making it more
appropriate for certain specialised industrial applications [34, 35]. Moreover, laser cladding
is a highly effective method of improving abrasive wear resistance [36, 37], corrosion
resistance [38, 39], erosion wear resistance [40, 41] and dealing with environmental
conditions that are aggressive, with temperature cycles involving rapid heating and cooling,
corrosive gases, extreme heat, abrasive materials, and cavitation erosion, such as are found
in nuclear power plant [87, 88]. In recent years, the laser-cladding process has been used in
the additive manufacturing industry, where engineering parts can be deposited layer by layer
based on computer-aided design (CAD) models. [89, 90].

Generally, laser cladding can be divided into two general categories, Two- and One-step
procedures [256, 257]. A schematic diagram of the single- and two-step processes can be

found in Figure 2.5.
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Figure 2.5 Methods of laser cladding: a) two-step, b) single-step, with b1: paste, b2: powder and b3: wire [256]
During the two-stage procedure, the additive material is deposited on the substrate surface
in the first stage, and afterwards, it is fused by the laser heat source to the substrate as part
of the second stage (see Figure 2.5 (a)) [91]. On the other hand, in single-step laser cladding,
the coating material is injected dynamically into the interaction zone in various forms: paste,
wire or powder (see Figure 2.5 (b)) [92-94]. The advantage of both procedures is that both
can be applied to deposit a wide variety of alloys. The following sections will discuss single-

and two-step laser cladding.
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2.2.3.1 Two step laser cladding
In the two-stage laser cladding method, the coating material is layered over the substrate in
the first step, followed by the melting stage to create a fusion bond between the interface of

the substrate and the coating material as part of the second stage (see Figure 2.6) [91, 95].
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Figure 2.6 Schematic representation of pre-placed laser cladding [95]

The coating material can be delivered in different forms: powder, chip, wire, paste, etc [91,
96, 97]. Probably the simplest and most common two-step method is laser cladding with pre-
placed powder [256, 91]. Powder is often mixed with a binder (which is often alcohol) before
being layered on the surface [257, 256]. In this way, it is possible to achieve an even
accumulation of the powder. Additionally, the combination of the powder and the binder,
can eliminate powder being blown away by the shielding gas. During laser melting, the
binder is vaporized, which can cause coating defects [257, 256].

%l\ /\ Powder g
§/ 95957 585 7 6

Laser

(a) Growing (b) Touchmg (c) Contact (d)Wettmg e)Quenchlng (f) Meltlng

Figure 2.7 A cross-sectional view of the melt-soild contact history (Black = Liquid, Grey = Powder, Shaded =
Solid) [98]
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The literature has extensively described the physical phenomenon of pre-placed powder laser
cladding [91, 98, 99]. As a result of irradiation with a high-density power laser, particles of
powder become heated; however, little heat transfer occurs between them since they do not
have good conductive contact [91]. Afterwards, the powder particles are melted, and once
they are molten, they are capable of conducting heat to nearby material: a resulting liquid
layer propagates through the powder film (see Figure 2.7(a)). The moment the melt touches
the substrate and subsequently wets it, the substrate cooling effect causes a reversed
propagation of the melt front ((see Figure 2.7 (b, c, d)). It begins solidifying but does not
penetrate deep into the substrate until sufficient energy and interaction time have been
provided ((see Figure 2.7 (e)). As long as the laser energy is high enough, the solid-melt
contact can be deepened down into the substrate material ((see Figure 2.7 (f)) [98]. A melt
front's final depth indicates how much the cladding material has been diluted. Figure 2.8
illustrates the position of the melted front in relation to the interaction time at different
average laser powers. Dilution increases as interaction time and laser power increase [91,
115].
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Figure 2.8 Position of the melted front in relation to the interaction time at different average laser powers [91]
Laser cladding with pre-placed powder has some advantages, over other surface engineering
methods, including thermal spraying, based on its accuracy, minimal thermal distortion, low

diluting effect and minimal powder waste [257, 256].

44



An increasing number of applications have been developed, including interlocks [100, 101],
engines [102], shaft parts [103, 104], valve seats [105, 106], turbine blades [96, 107]. In
recent years, rapid prototyping has largely incorporated this process, which involves building
up three-dimensional shapes [108, 109]. The technique can also be applied in industry to
repair damaged or under dimensioned engineering parts [110, 111], and in rapid prototyping
[112, 113]. Among the advantages of this method compared to other processes (wire and

powder feeder) it is a suitable choice for surfaces with limited accessibility [114, 115].

Two-step laser cladding is ideal for depositing single layers as well as multiple layers [116].
The principal disadvantages of this method are that it is time-consuming owing to the
multistage processes involved, as well as the difficulty in pre-placing powder on complicated
shapes [117]. Reproducing accurate powder bed thickness and covering large surfaces can
be challenging [1, 91]. In spite of the fact that laser cladding with pre-placed powder ensures
superior material efficiency, as compared to blown powder, it requires considerably more
energy [118]. Due to these factors, single-step laser cladding is typically the most effective,

and most popular, method.

In terms of pre-placed laser cladding, laser requirements can vary depending on the
particular application, the materials involved, and the desired outcome. However, there are
some general requirements for lasers that need to be considered. For pre-placed laser
cladding, high-power solid-state lasers or fiber lasers are typically used. The lasers provide
the necessary energy and precision for the process. In order to melt and fuse the pre-placed
powder or material onto the substrate, the laser must have sufficient power and energy
output. Depending on the application, power levels can range from a few hundred watts to
several kilowatts. It is important to ensure a high level of beam quality in order to obtain
precise and controlled melting of the material. Generally, a Gaussian beam profile is
preferred. Laser wavelengths are selected depending on the type of materials being
processed. The most commonly used wavelengths for laser cladding are in the near-infrared
spectrum, around 1 micronmeter, which is well suited to a wide range of metallic materials.
A laser's pulse duration can vary, however, short pulses (nanoseconds to microseconds) are
typically preferred for precise control and minimal heat transfer to the substrate. As an
option, the laser beam spot size can also be adjusted in order to control the area of the laser
beam affected by heat (HAZ) and to control how deep the laser beam penetrates into the

substrate.
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For achieving the desired quality and thickness of cladding, this is crucial. Using a scanning
or beam delivery system, the laser beam is moved across the surface of the component in a
controlled manner. As a result, material and energy are distributed evenly during the
deposition process. A powder delivery system is essential for accurate placement of pre-
placed powder or material on the substrate. In synchronization with the laser beam, the
powder should be delivered precisely where it is needed. To prevent oxidation and ensure
proper metallurgical bonding, it may be necessary to control the atmosphere surrounding the
cladding area using shielding gases such as argon or nitrogen. Depending on the materials
being used, the geometry of the part, and the desired outcome, the specific laser requirements
can vary significantly. To achieve the desired quality and properties of cladding, process
development and optimization are often required. It is common for manufacturers and
researchers to customize the laser parameters and equipment to meet their specific
requirements. Listed below are some new relevant papers showing what are the researchers

commonly use in terms of laser requirements in preplaced powder laser cladding.

Chen et al. 2024 employed a fiber semiconductor laser system known as LSJG-BGQ-2000,
operating at a laser power of 1800 W. The laser beam had a 3mm spot diameter. The metal
powder used in the experiment was composed of Co, Cr, Fe, Ni, Nb, and a boron-iron alloy,

with particle sizes ranging from 50 to 120 um and a purity exceeding 99.9% [119].

Chen 2024 used the initial alloy powders, based on iron (Fe), were composed of the
following weight percentages: 61.54% pure iron powder, 6.10% graphite powder, and
32.36% FeV50 powder. These powders had varying particle sizes, with the pure iron powder
ranging from 28-39 um, the graphite powder ranging from 18-23 pm, and the FeV50 powder
ranging from 75-150 um. The laser cladding process parameters were as follows: an IPG
YLS-10000 fiber laser with a power of 1.0 kW and a spot diameter of 1.7 mm [120].

Zhu et al 2024: In this study, a pivotal component for laser cladding is a high-power direct
diode laser with a 2-kilowatt (kW) output, which is carefully focused to create a Gaussian-
like distribution. To ensure uniformity and an appropriate beam size during the actual
processing, we have established a pitch of 0.5 mm and a radius of 16 mm. For the cladding
powder, we have chosen a carbide mixture with a weight ratio of 100:30. The Ni60 powder
particles fall within the size range of 80-100 um, while the WC powder particles, which

have an angular shape, range in size from 45 to 100 um [121].
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Ghorbani et al 2024: The starting powders consisted of pure carbon, with an average particle
size of 40 um and a purity of 99.5%, and 15 wt. pct. of pure nickel, with an average particle
size of 50 pm and a purity of 99.5%. For the laser cladding process, an 1QL-10 Nd:YAG
pulsed laser was utilized. This laser had a maximum operating power of 400 W and emitted
square pulse shapes in the TEMOO mode. The laser machine predominantly operated in
spatial modes TEMOO and TEMO1, employing three lenses with a 75 mm focal length and

achieving a minimum spot size of 250 um [122].

Hua et al 2024: The preferred Co-based alloy powder in this case was Stellite 6 powder. All
the powders, including Stellite 6, had a high purity level of 99.8%. The particle sizes for all
three types of powders ranged from approximately 50 to 90 um. The laser parameters

employed were as follows: a laser power of 1200 W and a beam diameter of 3 mm [123].

Zhang et al 2024: The composition of the newly formulated nickel-based alloy has been
provided, with particle sizes ranging from 45 to 150 um. The laser system used for the
process featured a maximum power output of 3000 W, a spot size of 4 mm, and a wavelength
of 976 nm [124].

Yi et al 2024: Tantalum (Ta) powder, with a purity exceeding 99.9%, was utilized, featuring
a particle size distribution ranging from 5 to 50 um. Comparatively, the Ta2OS5 particles
were noticeably smaller, measuring between 2 and 20 pum. To manufacture the Ta and Ta205
coatings, a high-power diode laser system was employed, boasting a maximum power output
of 4.4 kW and operating within a wavelength range of 978-1025 + 10 nm. The laser's
working distance was adjusted to 138 mm, and the beam size was configured as 4 x 4 mm?
[125].

Feng et al 2024: The fusion cladding material was a mixture of Ni60 powder particles
ranging from 45 to 100 microns and WC powder particles ranging from 45 to 150 microns,
boasting a purity of 99.9%. The WC powder accounted for 35% of the total weight of the
blended powders. For the experiment, a laser spot diameter of 3 mm was used, and the laser

system had a maximum power output of 2000 W [126].
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Powder particle sizes used in preplaced powder laser cladding can vary according to the
application, material being processed, and desired results. As the particle size requirement
depends upon factors such as laser power, scanning speed, and substrate material, there is
no one-size-fits-all answer. The following is a general guide to particle size considerations
in preplaced powder laser cladding. Powder particle size distribution is crucial for laser
cladding, which requires a consistent and well-defined particle size distribution. A powder
should consist of particles that fall within a certain range of sizes. Depending on the
parameters of the process and the material being clad, the specific distribution will vary. A
fine powder will melt more readily when exposed to the laser energy, allowing for improved
control of the melting and fusion processes. A fine powder can also result in a smoother
surface finish in the clad layer. A coarser powder may be used in some cases, especially
when higher deposition rates or specific mechanical properties are required. The melting and
fusion of coarser particles may require a higher laser power. Preplaced powder particle size
should be selected in accordance with the requirements of the laser cladding system and the
substrate. As a result, proper bonding is ensured and defects are minimized. A powder
particle's size and distribution can have an impact on how it absorbs and distributes laser
energy during melting and fusion. A smaller particle may melt more readily than a larger
one, while a larger particle may require a greater amount of energy to melt. The surface
finish of the clad layer is also affected by the granulometry of the powder. Smaller particles
may result in a smoother surface, while larger particles might lead to a rougher finish. Size
and distribution of powder particles can affect thermal conductivity and heat transfer within
the powder layer and between the powder and substrate. Consequently, the distribution of
temperature and the microstructure of the clad layer can be affected. The specific
granulometry requirements for preplaced powder laser cladding depend on the material

being used, the desired clad layer properties, and the particular application.

2.2.3.2 One step laser cladding
In single-step laser cladding, the coating material is injected dynamically into the interaction
zone in various forms: paste, wire or powder (see Figure 2.5 (b)) [92, 93, 94]. These sections

focus on laser cladding with wire and powder only, as these are most frequently used.
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2.2.3.2.1 Laser cladding with wire

Laser cladding utilizing wire feed first appeared in 1976 [127]. The single-step laser cladding
with wire feed begins with creating a melt pool on the substrate surface. Meanwhile, the wire
is injected into the interaction zone and melted to ensure a good adhesion bond (see Figure
2.5 (b3)) [128, 129]. For a stable deposition process, it is crucial to establish a balance
between the main process parameters, including output laser power, laser spot diameter, wire
feed rate, feeding direction, feeding angle and table speed [130, 131]. Establishing a strong
fusion bond is possible if these parameters are configured correctly. Numerous scientific
publications have examined the effects of feeding angle, direction, and position on this
technique [131-135].
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Figure 2.9 Feeding directions for laser cladding using wire: a) leading, b) trailing, c) sideways [129]
Wires can be fed either leading, trailing, or sideways (see Figure 2.9) [129, 132]. In a
comparison of feeding directions, it has been shown that using the leading direction can
result in smoother surface roughness with improved coating quality since the melt pool is
not disturbed [132]. The feed angle, which refers to the angle between the substrate surface
and axis of the wire feeder, is also crucial (see Figure 2.10) [133, 134]. For instance, angles
less than 20 degrees produce tracks with an asymmetric shape [133], angles between 20 and
60 degrees produce a symmetric shape with an identical height [134] but an angle of 45
degrees may provide the highest volume of wire deposition [133]. In terms of wire tip
positions, there are three different options: the centre, the leading edge, and the trailing edge
locations [132, 135]. The leading wire tip position produce the most uniform deposition
[132].
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Several authors have recommended using leading feed direction at a 45-degree angle and
placing the wire tip at the leading edge [131, 132].

Wi Diode laser Diode laser
g Wire

Feeding
nozzle

Feeding
nozzle

X NG | L Clad O/C/ @/
| Melt [ELSubstratel I Melt[ﬂSubstratel \O \@ \6

Table movement Table movement
(a) (b) (c) (d) (e)

Figure 2.10 Angles and positioning of wire feeding, including wire tip positions: (a) front, (b) rear, (c) leading-edge
position, (d) centre position, (e) melting pool trailing edge position. [132]

Laser cladding with wire has been gaining in popularity due to its enhanced process
characteristics [129, 136]. Among the advantages of this design are high material efficiency
[137], low material waste [138], high cladding efficiency [139, 140], an environmentally
friendly (dust-free) [133], cost- and time-effective process [139, 141], It is possible to
produce three dimensional engineering parts from CAD models [142, 143], smooth surface
roughness (Ra) of 40 to 50 microns also have been reported [134, 144]. There is a large
variety of materials obtainable in wire and, in most cases, they are more affordable than
metal powders [145, 146]

Laser cladding with wire feeder has been performed with a variety of materials, including,
mild steel [147], stainless steel [148, 149], Co-based alloys [150, 151], Ni-based alloys [152,
153], Cu-based alloys [154], Ti-based alloys [155, 156] and Al-based alloys [157, 158].
Laser cladding has several applications across a wide range of industries, aerospace [159,
160], automotive [161, 162], manufacturing [163, 164]. However, as a result of a variety of
disadvantages, laser cladding with wire has always occupied a secondary position in single-
step laser cladding and laser cladding with powder is the primary industrial process. These
disadvantages include sensitive wire delivery system [256], direction dependency [129,
132], difficult dilution control [165], poor surface quality, adhesion, coating defects caused
by drop transfer [166]. However, this disadvantages are becoming less important because to
avoid wire feeding cladding heads are now becoming available [167, 168]. These heads use

a hollow coaxial beam [169].
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2.2.3.2.2 Laser cladding with blown powder

Laser cladding with powder injection has become the most widely used single-step process
for several reasons. A major reason is its well-defined heated region, there is a wide range
of materials and alloys available as powders, the laser beam and powder are coupled with
good efficiency and low dilution [170], adaptability to automatic processing [171] and
provides superior wear and corrosion resistance on certain surfaces [48, 165].

One of the earliest documents discussing the blown powder laser cladding technique dates
from the early 1980s and is a Rolls Royce Ltd patent [172].

During the laser clad process with blown powder, the laser beam creates a melt pool on the
surface of the substrate, which is entered by the melted powder particles (see Figure 2.11).
[173, 174]. Once the laser beam has passed over the surface, a layer of solid material forms
rapidly and with excellent adhesion bonding at the interface [74]. An adequate amount of

heat must be provided to melt the powder without overheating the substrate [173, 174].
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Figure 2.11 Feeding nozzles for laser cladding powder a) Coaxial b) Lateral nozzle [6]
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A number of factors influence whether the supplied powder sticks to the melt pool to form
a coating. The potential types of interaction are described below, depending on the

percentage of laser energy absorbed by the substrate and powder particles:

1. solid powder — solid surface: laser energy cannot be absorbed by either the powder
or the substrate in sufficient quantities to cause melting. Cladding does not take place.

2. solid powder — liquid surface: the powder particle, which does not absorb enough
energy to melt, is captured by the molten pool formed.

3. liquid powder — solid surface: Powder particles melt during injection, causing them
to stick to the solid substrate surface; this causes powder catchment.

4. liquid powder — liquid surface: The substrate as well as the powder particles melt,

resulting in catchment

Of these options number 2 is the most common in laser cladding [175-177]. The amount of
material efficiently applied depends critically on the size of the melt pool as compared to the
size of the powder stream's impact area [178, 179]. Generally, the one-step laser cladding
process with powder feeding has a low powder catchment efficiency and this will be
discussed in detail in section 2.4.3. In the literature, values typically range between 10 and
90 percent. Studies have shown that using finer grade powder can increase material
efficiency and productivity [180], with the added benefit of reducing the roughness of the
final coating. However, fine powders are more likely to cause vaporization and aerosol
emissions during operations [181, 182]. Moreover, agglomeration of powders and
difficulties with powder flow in powder feeders and cladding nozzles may have an adverse

effect on the injection of these powders, an essential function of this system.

One of the most important characteristics of the blown powder technique is the powder
feeding system. Two primary methods of powder feeding are available, namely off-axis
powder feeding and coaxial powder feeding. Catchment efficiency is influenced by the
geometry and alignment of nozzles [183]. A high injection angle can increase powder
efficiency. Fundamentally, the coating process is either omnidirectional or unidirectional,
although designing an off-axis nozzle is easier than designing a coaxial nozzle. [184].
Although, recent advances have made coaxial nozzles commercially available [185]. In-

depth review of the off-axis and coaxial techniques is provided in the following sections.
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Figure 2.12 Laser cladding using powder injection (a) transverse profile at an angle of 01 and its impact in terms
of powder efficiency and (b) a plan view of the coated surface in accordance with 02 as well as its effects on
powder efficiency [186]

According to the nozzle-workpiece angle (61), the gap between the tip the substrate surface
(d) and the feeding direction of the powder (02), the lateral nozzle setup is established [186].
The greater the nozzle angle (01), the smaller the powder stream'’s cross section on the surface
and the greater the effectiveness of powder deposition [186]. Comparing rear and front
feeding directions, applying front feeding results in a significant improvement in powder
capture efficiency up to around 40%, as shown in Figure 2.12 [134, 186]. Hence, the shape

and orientation of the nozzle affect the effectiveness of the material deposition [187, 188].
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Laser cladding of blown powder utilizes a high-energy laser beam. Laser requirements are
crucial for the successful processing of blown powder laser cladding. This process requires
the following laser requirements: For blown powder laser cladding, a high-power laser
source is required. Lasers commonly used include CO2 lasers, Nd:YAG lasers, and fiber
lasers. The choice of laser type depends on factors like material compatibility. It is
imperative that the laser be able to melt both the substrate and the blown powder material
with sufficient power. Based on the materials used and the rate at which the cladding is
desired, the power requirement will vary. Most commonly, lasers are powered by several
hundred watts to several kilowatts. A high-quality laser beam with good focusability is
necessary for precise control during the process. A well-focused laser beam ensures that the
material is efficiently melted and deposited. Depending on the material being processed, the
laser wavelength is selected. There are many lasers in the near-infrared spectrum that can be
used for the treatment of metals. Wavelength selection should consider material absorption
properties. Spot Size: The laser should be capable of providing a spot size that matches the
desired cladding area. The spot size can be adjusted by using appropriate focusing optics.
Here are a few instances showcasing laser requirements and particle size considerations in

blown powder laser cladding.

Chen at el 2024: The initial alloy powders used were based on iron (Fe) and included the
following weight percentages: 61.54% pure iron powder, 6.10% graphite powder, and
32.36% FeV50 powder. These powders had varying particle sizes, with pure iron particles
ranging from 28-39 um, graphite particles ranging from 18-23 um, and FeV50 particles
ranging from 75-150 um. The laser cladding process was carried out using an IPG YLS-
10000 fiber laser with a power output of 1.0 kW [189].

Feng et al 2024: For the experiment, coating materials comprised spherical powders of Co,
Cr, Fe, Mn, Ni, and Nb, all exceeding 99.5% purity. These powders had a particle size range
of 45-108 pum. The laser system used was a TruDisk 4002 disk laser with a power output of
2000 W and a spot diameter of 3 mm [190].

Jeong et al 2024: a 1 kW continuous wave laser with a wavelength of 1070 nm from IPG
Photonics in Oxford, utilizing a Coax-8 nozzle. The metal powder used in this system is

Inconel 718, featuring particle sizes ranging from 45 to 106 um and spherical in shape [191].
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Yang et al 2024: The chosen material consists of a blend of AICoCrFeNi2.1 alloy powder
and CeO2 particles. The primary elements, Al, Co, Cr, Fe, and Ni, were acquired through
vacuum argon atomization. These elements are in spherical powder form, each with a purity
exceeding 98%, and particle sizes ranging from 45 to 125 pm. The laser employed for the
process operates at 1200W power with a 3mm spot diameter [192].

The particle size in blown powder laser cladding may fluctuate based on the particular
demands of the cladding procedure, the material under treatment, and the machinery in
operation. Nevertheless, as a rule of thumb, particle size considerations in blown powder
laser cladding usually encompass a spectrum spanning roughly from 20 (um) to 150 (um) or
potentially even larger. Here are key factors to contemplate regarding particle size: A powder
size range is selected based on the material being processed, the desired clad layer
characteristics, and the cladding equipment. Distribution of particle sizes within the specified
range is critical. It is possible to achieve a more uniform and consistent clad layer by
maintaining a narrow and well-controlled particle size distribution. The granulometry of the
powder should be selected to match the capabilities of the laser system being used. This
includes considerations such as laser power, spot size, and beam quality. The powder size
should be suitable for efficient melting and bonding when exposed to the laser beam.
Different materials may require different granulometry profiles. For example, metals,
ceramics, and polymers may have varying powder size requirements based on their melting
points, thermal conductivity, and other material properties. As part of the cladding process,
the granulometry should be aligned with the specific goals. If the purpose is to achieve a
fine, smooth surface finish, finer powders may be preferred. Coarser powders might be
chosen when higher deposition rates are needed. The flowability of the powder is crucial for
uniform deposition onto the substrate. The granulometry should ensure that the powder can
flow smoothly through the powder feeding system and nozzle without clogging or
inconsistent flow. The granulometry of blown powder laser cladding should be carefully
selected and controlled so that the powdered material is deposition and fusion effectively by
the laser, resulting in a high-quality clad layer with the desired properties. The specific
requirements will vary depending on the application and material being processed.
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2.2.3.2.2.1 Laser cladding with off-axis powder injection

Utilizing lateral powder feeding, the powder is transferred to the interaction zone using an
off-axis nozzle. Essentially, lateral nozzles consist of cylindrical pipes of the appropriate
diameter, length, and shape. The lateral powder feeding nozzle set up, as illustrated in Figure
2.13 [186-199].
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Figure 2.13 Orientations for powder feeding: (a) forward, (b) backward feeding [134]
The off-axis nozzles can be oriented in such a way as to guide the powder steam efficiently
to a specific location within the melting pool. Consequently, it is possible to manage the
interaction time to maintain the optimal temperature of the powder and minimise coating
defects. In general, the design of the lateral nozzles is quite straightforward. Various designs

can be developed for difficult-to-reach areas [193, 194].

However, one of the disadvantages of this method is that it is direction dependent. Thus, it
is evident that the process with a lateral nozzle is not appropriate for cladding three-
dimensional engineering parts [73, 195]. A major disadvantage of the lateral feeding
procedure is the difficulty of reproducibility since minor differences in powder distribution
in connection with laser beam characteristics can result in significant variations in clad

geometric characteristics, material effectiveness, as well as dilution [196, 200].

The process has the capability of modifying the microstructure and chemical composition of
a substrate surface by layering a coating, resulting in functionally graded components [199].

Similarly, these advantages also apply to laser cladding with coaxial powder injection.
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2.2.3.2.2.2 Laser cladding coaxial powder injection

The laser cladding process has been greatly enhanced by the development of the coaxial
powder feeding mechanism, illustrated in see Figure 2.11 a) [201-231]. The powder is
transferred to the substrate surface coaxially with the laser beam through a coaxial nozzle

giving an approximately Gaussian distribution of powder density (see in Figure 2.14).
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Figure 2.14 Powder concentration distribution through a coaxial nozzle [203]
An understanding of the powder steam properties is crucial to depositing a coating of precise
dimensions and good cladding efficiency. In this process, three different streams interact
with the material surface: shielding gas, carrier gas and powder stream as shown in Figure
2.11 a). The shielding gas is responsible for two distinct purposes, carrying the powder
particles within the nozzle around the laser beam and protecting the coating from the
atmosphere to avoid the coating defects. The powder jet must be uniformly dispersed,
parallel to the laser beam profile, and in a laminar flow. Moreover, the focus point of the
powder jet should be positioned directly over the melt pool [205]. These criteria determine
excellent coating quality and high powder catchment efficiency. Compared with a lateral
nozzle, the powder jet generated by an axial nozzle experiences a greater amount of heat
when it reaches the coating surface since it has been exposed to the laser beam for a longer
interaction time [195]. The powder steam partially protects the substrate from laser beam,
thus minimizing substrate melting [206]. A wide range of coaxial nozzle designs allows

various powder jet configurations and powder focus points.
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The major advantage of the coaxial nozzle is its directional independence [207-211].
Regardless of the orientation of the reference substrate, its motion is identical to the axis of
the laser beam. The coaxial nozzle system offers a solution for real-time monitoring and
process control by allowing for the easy integration of sensors and optical components [209,
212, 213]. Furthermore, the advantages of the axial nozzle are the precise temperature
control, greater powder catchment efficiency, and low heat affected zone [214-216]. In view
of more prolonged interaction time as well as the occurrence of multiple reflections within

the powder steam, the overall energy efficiency is likely to be higher [216].

The process is suitable for fabricating components from CAD designs, thereby broadening
the possibilities for its industrial application across a wide range of industries [209, 217].
Nevertheless, coaxial powder nozzles cannot be used for all products, because tilting the
nozzle is inherently problematic since powder flow is affected by gravity in tilted nozzles
[195, 213]. It has been observed that low deposition rates of powder are encountered in
numerous applications, resulting in increased processing times [73]. Furthermore, post-
processing operations are frequently necessary because of high surface roughness [218].
Depending on the system and parameters used, material efficiency can also be low [219].
Potentially poor shielding conditions are created in the absence of a sealed environment
during the deposition process [220]. Likewise, the optical components of the laser are

susceptible to damage from powder particles or electrically conductive materials [209].

The effects of powder flow on-axis and off-axis nozzle applications have been investigated
using high-speed images [298] (see in Figure 2.15).

Figure 2.15 Images obtained from high-speed imaging of laser cladding applying (a) off-axis and (b) axis nozzles,
indicating powder flow by dashed lines [228]
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As opposed to the axial nozzle, the off-axis nozzle distributes powder over a wider area.
Therefore, the powder catchment efficiency of the axis nozzles is significantly higher than

off-axis nozzles [228].

In addition to the two nozzles described above, several other types of nozzles have been
developed. For instance, a specific nozzle has been designed to fabricate and repair parts for
turbines and compressors [229], or for complicated parts [230], or for boosting the deposition
rate [231].

2.2.3.2.2.3 Comparative advantages of blown powder over other methods of laser
cladding

According to publications about laser cladding, the blown powder technique is the preferred
method for laser cladding as compared with wire and pre-placed powder feed techniques
[51, 145, 232, 233, 234, 235, 236, 237, 238, 239, ]. In contrast to pre-placed powder
applications, this process offers improved cladding efficiency and a more comprehensive
range of processing options and can be applied to deposit complex three-dimensional parts
[233, 234].

The primary benefit of cladding with blown powder is the subsequent melting process [235,
236]. In contrast to the method where the powder is pre-placed and the melt pool creation
requires more energy since the pre-placed powder has to be melted, blown powder is more
efficient [91, 237]. Moreover, in pre-placed laser cladding, when the melted zone approaches
the interface of the substrate surface, the melted powder particles start to solidify as a result

of higher thermal conduction, which may result in weak adhesion. [91, 238, 239].

Compared with wire feed the powder injection process provides greater flexibility [44-46].
Powder alloys are more readily available than wire materials [47, 48]. Furthermore, the
method is more reliable than wire cladding, as it does not have direct mechanical contact
with the interaction zone [49]. Hence, the laser beam can easily irradiate the substrate surface
because the laser is not fully blocked by the powder stream. In general, this method has
advantages over alternative methods in terms of energy efficiency [50, 51]. Wire cladding
does, however, have the advantage that cladding material catchment efficiency is 100%
because all the wire enters the meltpool [240].
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A new laser cladding process called extreme high-speed laser cladding (EHLA), uses
synchronized powder feeding to achieve maximum efficiency. According to this technique,
by adjusting the orientation of the laser beam and the powder focal plane, when the powder
is in contact with the laser beam, it melts and becomes evenly coated. Dilution is extremely
low, as the cladding layer solidifies rapidly and limiting substrate melting [250]. One of the
main differences between the extreme high speed and conventional laser cladding (CLA)
refers to the melting of the powder. In EHLA, melted additive material lands directly on the
substrate as opposed to solid powder particles; this could significantly increase the process
speed [251, 252]. It has been reported that the cladding speed can reach 200 m/min [242-
254]. Additionally, the thickness of the clad is between 25 and 250 pm, although in
conventional laser cladding, the clad is typically thicker than 0.5 mm [255]. In other words,

EHLA shows great promise for preparing high-quality thin coatings with improved coverage
rates.

2.2.3.2.2.4 Laser cladding system

Normally, a laser cladding with a powder injection system consists of three major elements:
the laser system, the computer numerically controlled (CNC) robotic system, and the powder
feeding system (see in Figure 2.16) [256, 257].
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Figure 2.16 Laser cladding system parts [258]
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Laser cladding process requires an understanding of the structure of these systems and their
functionality in a variety of operating conditions. An overview of the laser cladding systems
will be given in chapter 3. In general, the laser system generates the required energy for the
operation [256, 257]. The system is controlled by computer numerical control equipment.
There are two main types of configurations available: the substrate remains fixed while the
laser and feeding system move; or the laser and feeding system is fixed and the substrate
moves with CNC table [257]. The powder delivery system needs to provide the appropriate

amount of powder to the melt pool.

It is crucial to select a reliable powder system in order to achieve a satisfactory process
operation. A powder system is intended to produce a powder flow that is continuous,
uniform, and follows a defined powder feed rate. However, customized powder systems
based on various powder transportation methods are also being used [256, 259-266]. Powder
systems are classified into four categories according to their operating principles: Gravity-
based, Mechanical wheel, Fluidized-bed, Vibrating (see in Figure 2.17) [256].
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Figure 2.17 A schematic depiction of powder delivery systems: a) Gravity-based, b) Fluidized-bed, c) Mechanical
wheel, d) Vibrating [256]

61



It is not uncommon for powder systems to use a mixture of these methods to achieve greater
powder transport stability. Any type of powder system requires the use of carrier gas to carry

powder particles [256].

The gravity-based powder feeder system contains two main parts: powder storage and a
rotational disk (see in Figure 2.17 a)). From the container, the powder is transferred to the
rotating disk and delivered to the collection unit using a carrier gas. Furthermore, the powder
stream can be stabilized by applying back pressure to the carrier funnel. Several variables

affect the volumetric powder feed rate, including the slot size and the disk speed [259-261].

A fluidized bed powder system functions as follows: the carrier gas travels through a filter,
spreading through the powder, thus fluidizing it (see in Figure 2.17 b)). Then the fluidized
bed solution is transported along the pickup tube through the carrier chamber and is
transported to the nozzle by the carrier gas. This kind of system can offer steady,
uninterrupted powder feed, allowing for optimal manufacturing process control and

enhanced clad quality depending on powder type [264, 265].

A mechanical wheel powder system may also use a screw powder feeder. This system works
on the principle of powder being transferred from a container to a powder pickup device and
then to the powder nozzle mechanically (see in Figure 2.17 c)). The feed rate is determined
depending on the rotation speed and screw diameter. For a consistent flow rate, various
screw designs are available. Mechanical wheel powder systems face a disadvantage of
abrasive wear when mechanical parts contact solid particles, which can affect the clad

quality and increase the cost of maintenance [262, 263].

A vibratory tray system contains a shallow tray with a flat bottom and a vibrating tray with
several plates positioned at an angle to achieve enhanced precision and control of powder
flow (see in Figure 2.17 d)). This system operates as follows: the powder passes from the
hopper outlet onto the tray, and the tray vibrates, sending powder downward, which regulates

how much powder is fed into the system [256, 266].

In an overview of the applications of powder feeder systems in laser cladding, it is
challenging to determine what type of powder feeder will be ideal for a particular laser
cladding application. Since laser cladding is used in various situations in industry, it requires

different types of powders of different sizes with varying powder feeding rates [256].
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Powder feed systems can be classified into these four types based on their methods of
operation. The powder injection method, which means the powder delivery direction, can be
performed in two main directions: off-axis (lateral) [187-199] and coaxial [201-231] (see
Figure 2.11). In either case, the powder is transported through the laser beam, where it is
heated or melted before entering the melt pool. The off-axis nozzle is relatively simple to

design, while coaxial nozzles require significant engineering [187].
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2.3 Topics of specific interest to this thesis

2.3.1 Dilution in laser cladding

2.3.1.1 Introduction

Laser cladding demands creating a strong adhesion between the substrate and the cladding
material. However, the substrate melt depth must generally be kept to a minimum to ensure
that the cladding material is not diluted excessively by the base material. Dilution is
understood to mean how much mixing of the substrate and clad material has occurred and is
reported as a percentage. Dilution is a natural consequence of the cladding process because
some substrate melting is necessary in order for there to be a good interfacial weld between
the cladding and the substrate. Excessively high dilution decreases the benefit gained from
adding the clad material to the surface. Target dilution values vary but tend to be in the range
of 10 to 20 percent. In some cases high dilution levels are actually preferred [267-269] but
such applications are unusual. There are no clear guidelines on how to measure or analyse
the level of dilution in laser clad surfaces. There is a range of dilution measurement and
analysis techniques in use, and the following section is an attempt to compare them and

identify the most suitable ones for scientific and industrial use.

2.3.1.2 Determining the level of dilution

2.3.1.2.1 Geometric dilution methods

In the most common method of dilution estimation, used by a number of researchers [81,
256, 270-357],dilution is determined from the geometry of the cross section by dividing the
cross sectional area of the substrate melt by the area of the whole melt. This gives us a

dilution we can call Dygga:

Danss = 2

Where,
Ac: cladding area above the substrate

As: substrate area
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Another method of the dilution measurement, which is the simplest method, is to determine
the dilution by dividing the maximum depth of melt penetration into the substrate by the

overall melt depth of the clad layer. This gives a dilution estimate we can call Dyg;cpr:

S
Dygigur = m

where (C) is clad height and (S) is depth of substrate melting. This simple estimate of dilution
has been used by numerous researchers including [77, 86, 279, 291, 297, 298, 307, 308, 311,
312, 317, 318, 337, 350-350, 352, 358-412]. This measurement requires only two distances
to be measured: S the depth of penetration and C the height, both measured with respect to
the original substrate surface. This Dyg;cyr dilution measurement method has the benefit of
being quick and easy. There is however a hidden assumption with this method, which is that
S and C are measured in the centre of the clad where both values are at their maximum. For
geometries such as that in Figure 2.18 a) this is the obvious place to make the measurements,
however this is not the case for all geometries as shown in Figure 2.18 b).

Figure 2.18 Possible clad geometries a) symmetric and b) asymmetric
The two different dilution measurement techniques are presented in the Figure 2.19 in order
to compare their differences. The figure below demonstrates that Dyg;cur 1S not always

equivalent to Drga.

— st —— —— st >

Figure 2.19 Two clad tracks with the same Dheight but different Darea
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In above the two clad cross sections have the same width, depth and height and therefore the
same Dygieur- HOowever, the Dyge4 OF the left hand track is 18.45 % and that of the right
hand track is 30.34% These clads will give different dilution results depending on the method

used to determine dilution.

All geometrical dilution measurements are made on cross-sections of laser clads. This makes
geometrical dilution measurement a necessarily destructive process which is a clear
disadvantage. It should however be noted that there is other useful information that can be
extracted from examination of such cross-sections, including overall clad shape, quality of

the interface, presence or absence of porosity and cracking.
It is important to realise two things about Dyzicur and Darea;

1. Both methods only give an overall dilution value and give no indication of the
dilution gradients which may exist in the clad layer, particularly near the clad-
substrate interface.

2. Both methods give only a spatial measurement of dilution levels which do not
account for the densities of the alloys involved. Dsgrg4 gives a dilution value which
can be used to calculate the volumetric proportions (\Vol%) of the average content of

the diluted clad layer. Dyg;cur IS too inaccurate for this calculation.

It is standard metallurgical practice to discuss alloys in the percentage of weight of each of
the alloying constituents (wt%) or the atomic percentage (at%). To convert D gg4 10 Wt%
we can use the equation below, to give an average dilution value which we can call

‘metallurgical dilution’ or D, .

PsAg

Dy = ———
W T (pede + psAs)

pc IS the density of the additive powder, ps is the density of substrate, As is the cross-sectional
area of the substrate melt and Ac is the cross sectional area of the clad area of the clad area

above the line of the original substrate surface.
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A lot of published work on laser cladding focusses only on single tracks, however industry
is almost solely interested in multiple, overlapping clad tracks. This gives rise to two separate

issues:
1. How is the dilution measurement process adapted for overlapping tracks?
2. Danger of extrapolating single-track results to overlapping clads.

The majority of geometrical dilution measurement methods are defined with reference to a
single track. These need to be redefined for multiple overlapping tracks. This generally
results in simplified measurements as more regular shapes need to be measured. The extreme
would be an entirely uniform clad where clad height above the original surface and melt
depth below the original surface are uniform along the clad. There are well known
differences at the start and end of the cladding, where steady state conditions are not

obtained.

2.3.1.2.2 EDX chemical analysis of the dilution level

A scanning electron microscope (SEM) enables both the imaging and analysis of bulk
samples using a highly focused beam of electrons contained within a vacuum chamber.
Electrons are generated through the use of ether a thermionic, Schottky or field-emission
type cathode and are subsequently accelerated due to a potential difference applied between

the anode and cathode of the electron gun.

The incident electrons that strike the sample surface interact with both the nuclei and the
electrons of the sample and result in the emission of electrons, X-rays, heat, and light
(cathodoluminescence). These secondary signals can be analysed to gain a wealth of

knowledge about the sample.

The elemental composition of a region can be determined by measuring the energy
associated with the X-rays produced as a result of the de-excitation that occurs when a low
energy electron vacancy is occupied by an electron from a higher energy level. As previously
mentioned, these electron vacancies exist due to the inelastic interactions that result in the
emission of secondary electrons. The energy and wavelength associated with the X-ray
emission is characterised by: the element, the energy level of the shell vacancy and the
number of orbital shell jumps made in order to fill the vacant shell. The energy criterion
needed to remove an electron from a given shell is known as the critical excitation energy.

Therefore, if the incident electron beam has sufficient energy to remove an electron from a
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given shell, a characteristic X-ray will be produced due to electron de-excitation. The
differences in the critical excitation energy between different elements gives rise to
variations in the spatial resolution when analysing different elements. Noncharacteristic X-
rays are also produced due to the deceleration of electrons as the enter the coulombic field
of an atom and are often referred to as background, continuum or bremsstrahlung X-rays. A
collimator, electron trap, window, semiconductor crystal detector and a field effect crystal
transistor make up the main constituent components of an EDS detector. The collimator
ensures that only X-rays which have been generated due to interactions between the electron
beam and sample enter the detector. Preceding the collimator is an electron trap which is
aptly named as it prevents the entry of electrons into the detector. The window is simply
fitted to the detector to act as a barrier and isolate the semiconductor crystal detector from
the chamber of the microscope. However, the window limits the ability to detect low atomic
number elements. The semiconductor crystal detector is kept under a high vacuum cold
environment and converts incident X-rays into measurable short voltage pulses. This is
achieved by applying a large bias voltage across a lithium drifted silicon semiconductor to
create a region depleted in electrons. When an X-ray passes through this depleted region a
series of electron hole pairs are created; these charge carriers migrate to opposing electrodes
thus generating a charge signal. This signal is added to the applied bias voltage and is
proportional to the energy of the original X-ray. The voltage pulse from the detector requires

amplification and this is partly achieved using a field effect transistor.

A dilution method using EDX was also presented in the literature. EDX dilution analysis is
based on the measured values obtained from EDX analysis of the tracks. To perform the
dilution analysis, it is required to have knowledge of the density of the substrate and cladding
feedstock material and their composition, as well as the composition of the deposited clad.
According to the equation below, the dilution can be calculated [256, 272, 275, 293, 295,
313, 319, 324, 331, 332 337, 352, 397, 413-431].

Pc (Wt%c+s B Wt%c)
ps(Wt%s — wt%cys) + pc(Wt%cps — Wt%,)

DEDX = X 100 [%]

pc is the density of the additive material.

ps is the density of substrate material.

wit%_ is the weight percentage of element X in the additive material.
wt%; is the weight percentage of element X in the substrate material.
Wit%c+s IS the local weight percentage of element X in the clad region.
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Figure 2.20 Illustration of the cross-sectional areas used to define the dilution with EDX
The dilution can be determined by analysing the X element concentration profile in the cross-
section of the clad using EDX analysis. A line profile was collected along the thickness of
the clad, starting from the interface and continuing to the external surface. Schematic
representation of the cross-sectional areas used to define dilution with EDX, shown in Figure
2.20. Due to the gradient in X element concentration along the clad thickness, an estimating
info as a function of position was used to determine the dilution. Using the average will
result in the loss of information. A spatial variation can also be determined using EDX

mapping, depending on the objectives.

There is a representative example in the paper that presented the EDX chemical analysis of

the dilution level [445]. The following Table 2.1 shows the chemical composition of alloys.

Table 2.1 Density p (kg/m3) and chemical composition (wt.%) of Eutroloy 16012 and SS304 steel substrate level
[445]

Material Alloy  kg/m?® Co Fe Cr W C Si Ni Mn Cu
Eutroloy

powder 16012 8520 57.2 1 29.5 8.5 1.6 1.2 1 0 0

substrate SS304 8000 0 71.2 17.8 0 0.08 0.7 8 1.7 0.6

The dilution in this paper was calculated from both the Fe and Co contents. Below in Table

2.2 represents three different measurements for Fe and Co elements.
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Table 2.2 Chemical composition (wt.%) and dilution results

Measurement 1.|Measurement 2.|Measurement 3.

Fe Co Fe Co Fe Co

wt%.,s Clad | 7.63 5179 | 10.97 49.06 | 14.34 46.32
wt%, Substrate| 712 0 | 712 0 |712 o0
wt%, Powder | 1 572 | 1 572 | 1 572

Dilution
(%)

9.997 10.011)14.987 15.017(19.991 20.010

Based on the dilution results, it appears that the EDX equation gives the same results for all
elements. As a consequence, the general equation for an EDX can be applied to any element

present in a clad.

2.3.1.3 Choice of dilution method

Based on a large literature review, which involved more than 200 scientific papers, the
researchers' use of each of the dilution techniques has been noted. As the below shows the
most common method to determine the dilution is using the ratio between the cross-sectional

area of the molten substrate material and the total cross-sectional area of the clad.

Table 2.3 Researchers' use of different dilution techniques

Technique Researchers’ usage rate

Darea 47%
Dreight 37%
Depx 16%

Based on the research papers, we can conclude that there is no explanation for the choice of
dilution technique. Moreover, no previous studies have been conducted to compare dilution

techniques. This subject is covered as part of one of the papers published as part of this PhD.

2.3.1.4 Summary of dilution

To briefly summarize the various dilution measurement techniques, geometrical dilution
techniques require only optical microscopy measurements, but only provide average
chemical content. The most accurate method for determining dilution is EDX analysis. Such
a measurement requires expensive equipment, such as scanning electron microscopy, but

can give gradient and spatial information as well as average dilution results.
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2.4 Productivity in laser cladding

2.4.1 Clad deposition strategies, introducing ABA cladding

2.4.1.1 Introduction

In the early 1980s, researchers embarked on the exploration of laser cladding, a process that
has since gained significant industrial significance. Laser cladding involves melting a
cladding alloy onto a metal substrate, achieved either through pre-placed or blown powder,
with successive tracks deposited side by side to form a clad surface. This technique has
proven highly effective in modifying the physical and chemical properties of material
surfaces. The primary focus within the engineering sector revolves around cost reduction
while maintaining the required surface characteristics of engineering components. Often,
cost savings can be realized by employing a more affordable substrate material in
combination with a suitable coating alloy. Additionally, improving powder catchment
efficiency, deposition rate, and coverage rate can enhance overall productivity and cost-
effectiveness. This thesis proposes a new approach to reducing costs by examining different

layering technigues and introducing a new possible solution, called ABA cladding.

2.4.1.2 Layering techniques

According to the literature, there are three distinct cladding strategies. The first strategy
involves shaping the contour by initially constructing a wall with a square form and then
following a spiral path with overlapping square shapes that gradually decrease in size. The
second cladding technique consists of creating zigzag tracks by continuously moving back
and forth in a parallel direction. This technique can be modified by depositing the first layer
in a transversal manner and the second layer longitudinally. The third cladding technique
involves depositing the clad layers in parallel, commencing and concluding at the same point
[425, 426]. The conventional method for cladding desired surfaces involves the parallel
layering technique, commonly referred to as traditional AAA cladding.
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Figure 2.21 Layering methods in laser cladding
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2.4.1.3 Problems with traditional AAA cladding

The traditional laser cladding process involves the deposition of a single track on the
substrate surface, and researchers often analyse the characteristics of these single tracks
under various processing conditions. However, in practical industrial applications, it is more

common to overlap multiple tracks until the desired clad surface is achieved.

Despite the initial resemblance of these clad tracks, the traditional cladding process can be
termed "AAA cladding” only after several tracks have been laid. The shape of subsequent
tracks is influenced in various ways by the preceding tracks during the early stages of the
process. While this aspect is not frequently discussed in the literature, most researchers in
the field illustrate it in the cross-sections of clad layers. There can be significant variations
in the height, cross-section, and metallurgy of clad tracks. Track 1, in comparison to
subsequent tracks, exhibits distinct melt pool geometry, impacting powder capture and
dilution. A repetitive cladding pattern typically does not establish itself until track 4, as
depicted in Figure 2.22. It is important to note that these initial anomalies in starting and
finishing tracks pose a significant drawback in the AAA cladding system, leading to
localized disturbances in clad surface morphology, dilution, and the presence of heat-
affected zones.
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Figure 2.22 Cross-sectional view of initial A" track and a standard (AAA) laser clad surface, where the clad
surface consists of overlapping "identical’ tracks

The laser cladding process entails a processing head that delivers a cladding powder alloy in
conjunction with a defocused laser beam, both coaxially aligned. The objective of this
process is to completely melt all the incoming powder within the laser-material interaction
area to form the clad track. However, capturing all of the incoming powder within the melt
pool is generally unattainable, and a certain portion of the powder escapes from the melt
pool. The escape of powder plays a vital role in the cost-effectiveness of the cladding

process.
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In considering the behaviour of the escaping powder, it's essential to note that due to the
diverse escape routes available to powder particles, influenced by the previous track's
shoulder and the melt pool's slope, they are directed away from the melt pool. The pathways
for powder particle escape are illustrated in Figure 2.23 for both single-track (A cladding)

and overlapping-track (AAA cladding) scenarios.
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Figure 2.23 An illustration of the powder particle escape pathways in A and AAA claddings.
The efficiency of powder capture within the process holds immense significance for cost
control and is a top priority for industrial users. This efficiency can be defined as the
percentage of powder supplied to the laser melting process that ultimately contributes to the
laser clad layer. According to technical literature, powder capture efficiencies vary widely
but often fall significantly below 50%. This presents a substantial challenge due to the high

cost of the powder and its limited recyclability.

Despite a substantial body of research on laser cladding with blown powder, there are
currently no clear guidelines outlining the critical quality and productivity parameters
relevant to various industrial sectors. Likewise, there are no universally accepted criteria for
defining a high-quality deposition. It is imperative to investigate the impact of productivity
factors to gain a deeper comprehension of the process, enabling its successful application in

the industry.

2.4.1.4 Possible solution, introducing ABA cladding.

This thesis explores an innovative cladding technique known as ABA cladding, aiming to
establish a more predictable and efficient process. In this approach, clad tracks are initially
laid down at wider intervals ('A' tracks), and the gaps between them are subsequently filled
with tracks produced under different parameters ('B' tracks). This method results in a more
uniform structure, as illustrated in Figure 2.24 Consequently, all 'A" tracks exhibit identical

shapes, dilution levels, and other characteristics, and the same applies to all 'B' tracks.
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The study in this work conducts a comparison between ABA laser cladding and the

traditional AAA cladding method. Specifically, the research evaluates the efficiency of

powder capture and the deposition/coverage rates of these two techniques.
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Figure 2.24 A cross-sectional view of ABA cladding, where parallel 'A’ tracks are laid first, and the gaps between
them are filled with parallel 'B' tracks. A schematic illustration of the powder particle escape pathway in ABA

cladding.

Laser cladding, a prominent process within Additive Manufacturing, typically entails

building a clad surface by adding parallel, overlapping lines of cladding material onto a

substrate. This study explores a novel cladding technique in which initially, a series of

separate or slightly overlapping clad tracks (referred to as 'A' tracks) are deposited.

Subsequently, these 'A'" tracks are interleaved with tracks that can utilize different parameters

(referred to as 'B' tracks). The investigation focused on the impact of process parameters in

laser cladding, specifically with AISI 316L stainless steel and Stellite 6 powders, utilizing a

coaxial powder delivery nozzle. Parameters such as process speed, laser power, powder flow

rate, and overlap strategy were found to exert a significant influence on the process.

The ABA cladding technique could offer a potential solution to the challenges posed by

AAA cladding:

a) Significant enhancement in powder catchment efficiency.

b) Substantial improvement in deposition and coverage rates.

c) Ability to create flatter clad surfaces, reducing the need for extensive post-processing.

d) Improved predictability of dilution levels and local metallurgy.

e) Capability to clad dissimilar materials in combinations of tracks.
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2.4.2 Deposition rate (powder catchment)

2.4.2.1 Introduction

High productivity is crucial in laser metal deposition to make the process economically
viable. By improving the deposition rate of the process, it is possible to optimize the
productivity of laser cladding. Over the past ten years, research has focused on deposition
rate as an important research topic [432, 433, 439, 442, 449, 456, 458, 463, 474]. Typical
deposition rates for laser cladding with blown powder are usually around 0.5 kg/h [432, 433,
439, 442, 449, 456]. The deposition rate is determined by: the total amount of powder
deposited per unit of time. It is possible to achieve a very high deposition rate, up to 16 kg/h,

which can significantly improve the productivity of the process [458].

2.4.2.2 Determining the deposition rate

The deposition rate can be determined by multiplying the cross-section of a single clad track
by the processing speed and the density of the cladding material [432, 442, 449, 456, 458,
463, 474].

The deposition rate is therefore defined as:

Depostionrate = Ayrgcer "V " O [kTg
Where,
Aurack = Cross-sectional area of a single track above the original line of the substrate (m?)
v = Process speed (m/h)
p = Density of cladding material (kg/m®)
2.4.2.3 Deposition rate and processing parameters
Laser power
The laser power influences the deposit rate positively. An increased laser power can lead to
higher deposit rates. Increasing the laser power produces higher overall absorption of laser
energy producing a larger molten pool with a higher temperature. Consequently, more
particles collide with, and are captured in, the melt pool [432, 433, 439, 442, 449]. On the
other hand, it is important to note that, when the density of the laser power falls below a
certain threshold, discontinuous tracks with irregular cross-sections can occur. Additionally,
significant substrate melting, leading to excessive dilution of the clad could occur if the laser
power density exceeds a specified value. A high level of dilution must generally be avoided
[292].
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Powder feed rate

Increasing the powder flow rate generally influences deposition rate in a positive manner. In
the presence of constant laser power and processing speed, as the powder feed rate increases,
the deposition rate will increase linearly up to a critical point. Before the critical point, the
increased powder feeding rate resulted in higher deposition rates due to the injection of more
particles into the deposited pool [432, 433, 439, 442, 449]. Upon exceeding this critical
value, the increase in deposition rate becomes more complicated. The excessive powder flow
can block the laser beam and result in insufficient melting of the substrate and the powder,
which can lead to poor adhesion to the substrate.

Process speed

The rate of deposition is usually adversely affected by the linear speed of cladding. In
general, the faster the cladding speed, the lower the deposition rate, since it is directly related
to interaction time. By speeding up the cladding process, less energy is supplied to the melt
pool, resulting in a smaller melt pool. By having a smaller melt pool, the powder injected
from the nozzle has a smaller surface area to attach to, which reduces the deposition rate
[432, 433, 439, 442, 449].

Nozzle design

Under identical experimental conditions, a coaxial nozzle and a three-jet nozzle have been
compared [474]. The three-jet nozzle configuration showed a lower deposition rate with
higher usage of powder, while the coaxial configuration showed a better deposition rate.
With the three-jet nozzle, the majority of powder particles that hit the melt pool surface
rebounded. With a coaxial nozzle, almost all of the powder particles were captured and
observed. On the basis of these experimental results, it can be concluded that the coaxial
powder feeding has the advantage of a higher deposit rate [474].

2.4.2.4 Reported results of deposition rate

A large survey was carried out to identify the range of deposition rates noted in the literature.
This resulted in 28 relevant data points which are presented in Table 2.4 in order of
increasing deposition rate. In 9 of these papers the deposition rate is directly identified by
the authors. In the remaining 19 the deposition rate had to be calculated from the information
in the paper and the clad cross section photographs. In Table 2.4 these different types of

information are labelled ‘author ID’ and ‘calculated’.
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Table 2.4 Reported results of deposition rates

Density Laser Powder Process Beam Cr_oss Deposition Powder
No. Papers  Paper type Laser type Substrate Powder of the power feed rate speed diameter sectional rate catch.
powder area Eff
- - (g/cm3) (kW) (g/min) (mm/min) (mm) (mm?) (kg/h) (%)
1 [439] Author ID 3.5kw CO2 Inconel 625 Inconel 625 8.44 1-15 4.55-7.6 300-800 2 - 0.005-0.01 28-40
2 [432] Author ID 1 kW fiber Zr alloy Zr 6.49 0.8 8.8 245 14 - 0.05 9.09
3 [457] Calculated 1 kw Nd:YAG Ti-6Al-4V Ti-48Al-2Cr-2Nb 2.3 0.7 2 300 2 2.04 0.084 70.22
4 [433]  Author ID 1.2 kW CO2 AISI 1050 AISI 316L 8 0.8-1 feslge 288-480 2.2 - 0.06-0.12  12-16
5 [462] Calculated 2.5 kW diode laser CuBe alloy AISI H13 8.4 3.6 3.2 18200 3 0.02 0.153 79.63
6 [469] Calculated 3.0 kW disk laser 300M Aermet®100 7.8 3 3.86 750 1.3 0.54 0.191 82.29
7 [461] Calculated ~ TruDisk 4002 disk laser Tig11 Ni60 4.4 0.9 5 500 3 1.79 0.236 78.61
8 [450] Calculated 3kw solid state laser Q235 Fe901 + Cr3C2 7.7 1.2 7.3 300 5.4 1.71 0.237 54.19
9 [445] Calculated 3.3 kW Fiber laser SS304 Eutroloy 16012 8.2 1 9 300 1.83 0.269 49.88
10 [451] Calculated 3KW Nd:YAG laser Q235 Fe-based alloy 8.5 1.1 8.5 300 1.86 0.285 55.8
11 [449] Author ID 1 kW fiber AISI 1050 AISI 316L 8 0.2-0.6 6.9-9.4 200-400 - - 0.04-0.54 9-95
12 [448] Calculated 2.7kW Nd:YAG BDMS NiCrBSi 7.8 2 10 1000 2.67 0.66 0.309 51.48
13 [442] Author ID 2 kW fiber S235JRC+C 1.4313 1.7 1.2 14-16 800-1000 2 - 0.33-0.35 34-42
14 [456] Author ID 1 kW fiber AISI1045 AISI 316L 8 0.2-0.6 7.8-9.4 200-300 - - 0.23-0.54 44-95
15 [454] Calculated 6 kW fiber laser 27SiMn AISI 431 7.8 3.3 13 1500 2 0.69 0.484 62.1
16 [470] Calculated 6 kW fiber laser AISI 304 CoCrFeNi HEA 8.2 10 480 25 211 0.499 83.13
17 [471] Calculated 4 kW Nd:YAG DIN 2393 Tribaloy T-400 8.9 3 13.2 600 4.8 2.09 0.670 84.65
18 [453] Calculated 12 kw fiber Inconel 625 Inconel 625 8.4 25 19 636 4 2.16 0.693 60.77
19 [466] Calculated 8 kW diode laser SNCrwW EuTroLoy 16006 8.4 4 20 240 2 7.97 0.964 80.34
20 [472] Calculated 8 kW diode laser SNCrW EuTroLoy 16006 8.4 4 20 240 2 8.56 1.035 86.25
21 [465] Calculated 1 kw Nd:YAG laser AISI 420 Stellite 6 8 0.72 22 3000 2 0.73 1.057 80.11
22 [443] Calculated 6.0 kW diode laser AISI 316L Inconel 625 4.3 3.2 50.91 24960 5 0.2 1.288 42.16
23 [444] Calculated 6 kW fiber laser A45 Ni60 4.4 3.2 50.91 24960 2 0.2 1.318 43.14
24 [473] Calculated 2.5 kW Nd:YAG laser Mild steel Hastelloy C 8.8 24 28 1400 4 1.97 1.458 86.78
25 [468] Calculated 5 kw fiber laser AISI 1045 Inconel 625 8.4 3.131 40 1545 2 2.53 1.973 82.2
26 [474] Author ID 12 kW diode Inconel 718 Inconel 718 8.17 2.9 45 1500 4 - 2.49 92.04
27 [463] Author ID 15 kW fiber S235JR Inconel 625 8.44 15 273 1000 5 - 131 79.98
28 [467] Author ID 15 kW fiber S235JR Inconel 625 8.44 15 273-315 750 5 - 14.1-15.6 79-82




The following paragraphs give more experimental details from the papers where the
deposition rate was discussed by the authors.

Paul et al. [439], examined laser cladding for components made from Inconel-625. A high-
power continuous wave CO2 laser system with a maximum output power of 3.5 kW was
used. In terms of processing parameters, the laser power was 1-1.5 kW, powder feed rate
4.55-7.6 g/min and process speed 300-800 mm/min. According to the results obtained, the
deposition rate ranged from 0.005-0.01 kg/h with powder catchment efficiency of 28-40%.
The highest deposition rate was obtained with 1.5 kW laser power, 6.03 g/min feed rate and
500 mm/min process speed.

Harooni et al. [432], contributed to the development of processing windows for laser
cladding of zirconium alloy on zirconium. Laser cladding experiments used a fiber laser with
a power output of 1 kW. The effect of laser power, processing speed, laser beam diameter
and powder feed rate on the clad quality was investigated. Processing parameters were 0.8
kW, 8.8 g/min and processing speed 24 mm/min. It was possible to deposit zirconium clad

at a deposition rate of 0.05 kg/h with a dilution of 50% and powder catchment efficiency

Pinkerton and Li [433], investigated the impact of deposition point standoff variations in
multilayer coaxial laser cladding. For the laser cladding experiments, a 1.2 kW CO2 laser
was used with the following processing parameters: laser power 0.8-1 kW laser power, 8.16-
16.26 g/min feed rate and 288-480 mm/min speed. According to the results obtained, the
deposition rate ranged from 0.06-0.12 kg/h with powder catchment efficiency of 12-16%.
The highest deposition rate with 12% powder catchment was obtained with 1 kW laser

power, 16.26 g/min feed rate and 480 mm/min process speed.

Tabernero et al. [449], worked on optimal parameters for 5-axis laser cladding. For the laser
cladding experiments, a 1 kW fiber laser was used with the following processing parameters:
laser power 0.2-0.6 kW laser power, 6.9-9.4 g/min feed rate and 200-400 mm/min speed.
According to the results obtained, the deposition rate ranged from 0.04-0.54 kg/h with
powder catchment efficiency of 9-95%. 0.2 kW laser power, 9.4 g/min feed rate and 200
mm/min process speed, mild steel substrate, and 316 stainless steel powder resulted in the

highest deposition rate with 95% powder catchment.

78



Dalaee et al. [442], optimized deposition rates for laser direct metal deposition on
components. The objective was to determine the optimal combination of process parameters
in order to make laser cladding economically feasible. In the laser cladding experiments, a
fiber laser with a maximum output power of 2 kW was used. In the experiment, mild steel
S235JRC+C and stainless-steel powder 1.4313 were used. The main processing parameters
were, a laser power of 1.2 kW, powder feed rate 14-21 g/min and process speed 800-1400
mm/min. Based on the results, the deposition rate ranged from 0.33-0.35 kg/h with powder
catchment efficiency of 34-42%. The highest deposition rate was obtained with 1.2 kW laser

power, 21 g/min feed rate and 1400 mm/min process speed.

Calleja et al. [456], investigated the improvement of strategies and parameters for multi-axis
laser cladding. This paper examines how to complete laser cladding operations in 5 axis. The
laser cladding experiments used a fiber laser of 1 kW maximum output power. The
experiment was conducted with an AISI 1045 mild steel substrate and AISI 316L stainless
steel powder material. In terms of main processing parameters, the laser power was changed
from 0.2-0.6 kW, powder feed rate 7.8-9.4 g/min and process speed 200-300 mm/min.
According to the results, the deposition rate ranged from 0.23-0.54 kg/h with powder
catchment efficiency of 44-95%. The highest deposition rate was achieved with 0.2 kW laser

power, 9.4 g/min feed rate and 200 mm/min process speed.

Zhong et al. [474] investigated the effect of powder stream on laser metal deposition using
Inconel 718. Processing parameters were 12 kW, 45 g/min and processing speed 1500
mm/min. The deposition rate of 2.49 kg/h was achieved with a 92% powder catchment

efficiency.

Turichin et al. [463] worked on the technical aspects of laser cladding with high power 15
kW fiber laser using Inconel 625 powder on mild steel. Processing parameters were 15 kW,
273 g/min and processing speed 100 mm/min. It was possible to reach a deposition rate of

13 kg/h with powder catchment efficiency 80%.

Tuominen et al. [467], worked on laser cladding using a 15 kKW fiber laser on mild steel
using stainless steel 316 powder. Processing parameters: laser power 15 kW laser power,
273-315 g/min feed rate and 750 mm/min speed. It was possible to deposit a clad with
deposition rate of 14.1-15.6 kg/h with powder catchment efficiency 79-82%. Accordingly,

the highest powder feed rate indicated the highest deposition rate.
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From the industry's point of view, it is imperative to control costs. Among the costs
associated with laser cladding are electricity, staff, overheads, raw materials, etc.
Productivity improvement typically involves minimizing the time spent creating a product,
i.e. a higher deposition rate. Also, reducing the wastage of the process, i.e. a high powder
catchment efficiency. As well as deposition rate, the powder catchment efficiency represents
another significant aspect of productivity, measured as the percentage of the powder fed into
the cladding zone that becomes part of the cladding. Deposition rate and powder catchment
efficiency are important metrics for the laser cladding industry as they have a direct influence

on the cost of the process.
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2.4.3 Powder catchment efficiency

2.4.3.1 Introduction

Blown powder laser cladding offers a flexible, robust, and economically advantageous
method of supplying coating material thanks to the efficiency and repeatability of the process
[475, 476]. Contrary to other laser surface technologies, this technology is characterized by
complex interactions among the laser beam and the powder particles, as well as the molten
areas of the substrate, making laser cladding challenging to control. Generally, most of the
laser energy reaches the workpiece, while only a fraction is absorbed by the powder particles
[477-479]. This results from the absorption of the beam by the powder stream, which creates
the shadowing effect of the powder particles [478, 479]. Furthermore, only those powder
particles hitting the molten pool adhere, whereas particles striking the solid region bounce
away [480-485]. In view of the properties of the powder cloud it is problematic to forecast
the laser power at which the workpiece and incoming powder will be melted. Creating the
cladding layer is a complex process that involves a variety of process variables [486-489].
The morphology and quality of the cladding layer can be affected significantly by these

parameters.

It is possible to optimize the performance of laser cladding and reduce waste by improving
the powder catchment efficiency. Powder catchment efficiency was among the earliest
research topics in laser metal deposition [455, 490]. The focus has been mainly to identify
processes that are economically and environmentally feasible [491]. In the case of alloys that
are more expensive, such as Ti- and Ni-alloys, the material costs can represent a significant
portion of the overall operating costs associated with laser deposition. By optimizing the
laser-powder interaction, new high-speed deposition techniques can be developed [492]. The
catchment efficiency is defined as: the proportion of powder supplied that is incorporated
into the clad. The powder catchment can be evaluated by weighing the substrate before and
after cladding [434-438, 440, 441, 446, 447, 452, 455, 460, 464, 467, 490, 493-503]

2.4.3.2 Process parameters and powder catchment efficiency

The effects of each processing parameter on the powder catchment efficiency were
investigated in a review of 26 papers [434-438, 440, 441, 446, 447, 452, 455, 460, 464, 467,
490, 493-503]. The parameters considered were the following: laser power, powder feed
rate, carrier gas flow rate, cladding speed, melt pool size, powder flow diameter, the inclined
angle, standoff distance, preheating, nozzle design (axial and lateral feeding), powder shape

and powder density. The results of this review noted below.
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Laser power

Increasing laser power generally has a positive effect on powder catchment efficiency. A
higher laser power generates a larger molten pool with a higher temperature. More particles
are therefore captured and melted to form the clad [434, 436, 446, 447, 452, 460, 467, 493-
495].

Powder feed rate

The powder catchment efficiency generally increases as the powder flow rate increases. The
increased powder feeding rate could enhanced the efficiency of the powder catchment since
more particles were injected into the deposited pool. However, when the feeding rate exceeds
a critical point, the catchment efficiency gradually decreases [434, 436-438, 440, 447, 452,
455, 459, 464, 467].

Carrier gas flow rate

There is a negative correlation between carrier gas flow rate and powder catchment
efficiency. If the carrier gas flow rate is high enough, particles with a high traveling speed
will be bounced off or blown away by the gas flow. Moreover, a too high carrier-gas flow
rate affects the convection cooling of the molten pool and may lead to an irregular surface
of the deposited clad. A high carrier-gas flow rate leads to irregularities in the deposited

surface and has a negative impact on the molten pool geometry [446, 447].
Cladding speed

In many cases, the greater the cladding speed, the lower the powder catchment efficiency.
With a faster cladding speed, the reduced energy supplied to the melt pool results in a smaller
melt pool, with a smaller melt pool, the powder injected from the nozzle has a smaller area
to attach to, which reduces the efficiency of the catchment of the powder [434, 436, 438,
455, 460].

Melt pool size

The size of the molten pool greatly affects powder catchment efficiency. A reduced size of
the molten pool reduces the powder catchment efficiency, resulting in a smaller coating
width and height [434, 435, 441, 496].
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Powder stream diameter

There is a negative correlation between powder stream diameter and powder catchment
efficiency. When the powder stream diameter is smaller than the melt pool size, more powder

can be captured, thus increasing powder catchment efficiency [455].
Inclined angle of the substrate

When the substrate is inclined between 0° and 20 degrees and the laser is not perpendicular
to the surface. It enlarges the laser irradiation area when the laser spot changes from a circle
to an ellipse, which increases the molten pool's powder catchment ability. From 20° to 30°,
the melting pool area decreases due to two causes. There is a slight decrease in laser power
density. Furthermore, the inclined substrate has a lower laser absorptivity. Secondly, the
alloy powders are harder to capture due to the inclined angle. The relative catchment of
powders tends to be stable when the pool's inclined angle is between 30° and 50°.The
increase of the catchment of alloy powders caused by the larger molten pool is approximately
balanced with the decrease of the laser power density and absorption[497, 498].

Preheating the substrate

Powder catchment efficiency is positively affected by preheating. As preheating temperature
increases, powder catchment efficiency increases. Preheating the substrate had an effect on
improving powder catchment efficiency by increasing the molten pool's size and life-time.
The longer trailing part of the molten pool (as it solidifies more slowly in a hot substrate)
could enhance the powder catchment efficiency [499].

Nozzle design (axial or lateral nozzle)

For the catchment efficiency, the off-axis configuration showed a lower performance with a
higher usage of powder. The coaxial configuration showed better catchment efficiency even
when a higher track offset was used. Based on the experimental results it can be concluded
that axial powder feeding is very beneficial from the point of view of high powder catchment
efficiency [438, 464]. Alternatively, researchers have proposed new nozzle designs to

enhance the performance of powder [500-502]
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Powder shape

It seems that the powder catchment efficiency is improved by using crushed (non-spherical)
powders. This reduction of catchment efficiency of the spherical powders might be explained
by the ease of these particles to bounce off out of the melt pool during the process, due to
their spherical shape [440, 503].

2.4.3.3 Reported results of powder catchment efficiency

15 papers were reviewed that discussed powder catchment efficiency. All of these powder
catchment efficiency results are summarised in Figure 2.25. It can be seen that the powder
catchment efficiency ranged between 10-90% [434-438, 440, 441, 446, 447, 452, 455, 459,
460]. Some of the papers reported high powder catchment efficiency above 80% [455, 460,
464]. However, the powder catchment efficiencies noted in the technical literature are
frequently substantially below 50%. The range of powder catchment efficiency calculated
from the relevant 28 papers is presented in Table 2.4. Overall the range is 9% to 95% with
over 46% of the results below 65%. The x axis numbers on this figure refer to the reference
numbers of the papers listed. More detail of reviewed papers is presented in Table 2.5, in
order of ascending powder catchment efficiency.
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Figure 2.25 Powder catchment results reported and calculated from literature.
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Table 2.5 Reported results of powder catchment efficiency (see also Table 2.4)

Density Laser Powder Process Beam Powder
No. Papers Paper type Laser type Substrate Powder p%uggr power feed rate speed diameter  catch. Eff
- - (9/cm3) (kW) (9/min) (mm/min) (mm) (%)
1 [434] AuthorID 0.5 kW fiber  Stainless steel Fe-based 7.8 0.39-0.45 5-7.46 240-360 1 17-23
2 [435]  Author ID - - - - 0.4-2.4 7-42 3000-18000 - 11-39
3 [436]  Author ID 3 kW fiber AISI 316L AISI 316L 8 0.525-0.7 6-13 1320-2520 1.2 20-32
4 [437]  Author ID 1 kw CO2 Mild steel AISI 304L 8 1 3 300 0.3 23-33
5  [438] Author ID N;‘:'\‘(VXG 6082 RotoTec 19850 43 0.67-1 - - 16 25-40
6 [440] AuthorID 8 kW diode A36 Fe-based 8 35 30-70 300 3.38 15-55
7 [441]  Author ID 1 kW fiber Inconel 718 Inconel 718 8.19 0.35-0.55 1.2 600 1 28-45
8 [446] Author ID 8 kW diode A36 Fe-based 8 34 40-60 300 3.38 28-72
9 [447] AuthorID 8 kW diode A36 Fe-based 8 3-4 40-60 300 3.38 28-72
10 [452] AuthorID 8 kW diode A36 Fe-based 8 3-45 40-60 180-420 3.38 51-68
11  [455]  Author ID 1 kw CO2 Mild steel AISI 304L 8 1 - 180-600 - 50-80
12 [458] AuthorID  15kW fiber S235JR Inconel 625 8.44 10-15 150-400 500-1000 5 71-79
13 [459] AuthorID  15kW fiber S235JR Inconel 625 8.44 15 295 750 5 77
14  [460]  Author ID Ng:l\((VXG XC38 MoSi2 6.31 1.2-3 7-13 300-600 4 65-90
15 [464] AuthorID 2 kW diode AlSI 304 AISI 316L 8 1.5-2 8.5-17 300-600 3 80
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2.4.3.4 Summary of powder catchment efficiency

High powder catchment efficiency can enhance productivity and increase cost-effectiveness.
The catchment efficiency is defined as the percentage of the mass of the clad layers divided
by the mass of powder supplied to the process. Following a comprehensive literature review,
the interaction between powder catchment and processing parameters was investigated. As
stated in literature review, the powder catchment efficiency can be improved by higher laser
power, increased powder flow rate, lower carrier gas flow rate, slower process speed, larger
melt pool size, narrower powder flow diameter, preheating the substrate, new nozzle designs,
using crushed powders. The powder catchment efficiencies noted in the technical literature
cover a large range, between 5-95%, but are frequently substantially below 50%. Since these
powders are relatively expensive, it is obviously important to maximize their use wherever
possible. It is important to note that the process is usually dependent upon the flow
characteristics of the powder, and this may be adversely affected by contaminants or
particles that have been fused together. For that reason, powders that were not incorporated

into the clad cannot be reused.
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2.4.4 Coverage rate

2.4.4.1 Determining the coverage rate in laser cladding

For agiven clad thickness the coverage rate is defined as the area covered per unit time. The
coverage rate can be evaluated by dividing the clad area by the time taken for the cladding
[508].

The coverage rate for a given clad thickness is defined as:

The entire surface area of the cladding [m?]

m?
c te |—| =
overagerate I h l The time to cover the surface [h]

The coverage rate can also be approximated from the translational speed and inter-track

distance.

Inter-track

distance
y [m]
A
T | B
¢ [m] oz
Clad il
y
Substrate

Figure 2.26 Cross-section of multiple clads, the red area represents the top area of the clads

m?] A
Coverage rate =7 yv

Where,

A = The entire surface area of the cladding [m?]
t = The time to cover the surface [h]

y = inter track distance [m]

v = process speed [m/h]

C= thickness of the clad [m]
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In accordance with the reviewed papers, researchers are interested in how long it takes to
cover the substrate area. Usually in cladding, only one layer is used, but in other cases,
multiple layers may be necessary to meet the thickness requirement. Taking this into
consideration, the same coverage rates can be achieved with different clad thicknesses.
Therefore, the thickness of the clad is also an important factor to consider when determining
the coverage rate. The volumetric coverage rate can be defined as:

yvC

3
m
Volumetric coverage rate lTl =

Where: n is the number of the layers.

2.4.4.2 Reported results of coverage rate

After conducting a thorough literature review, the coverage rate was calculated based on
previous researches. This information is presented in Table 2.6. Based on 20 papers [504,
505, 506, 507, 508, 509, 510, 511, 512, 513, 514, 515, 516, 517, 518, 519, 520, 521, 522,
523] coverage rate ranged between 2.18-208.34 mm?®/s. In [523], the maximum coverage
rate was approximately 210 mm?®s with 2.5 mm effective thickness, process speed 1000
mm/min, 5mm inter track distance using 15kW laser power and 273 g/min powder feed rate.
Compared to extreme high speed laser cladding, where 117810 mm/min process speed, 3.6
kW laser power and 3.2 g/min powder feed rate were applied, but only 72.65 mm?®/s
volumetric average rate was achieved. Even though there is a wide range of coverage rate

noted in technical literature, the average is estimated to be around 60 mm?®/s.

In Table 2.6, papers which reported the coverage rate are marked with ‘R’ and those from

which the coverage rate had to be calculated for this PhD are marked with ‘C’.

These coverage rate results are summarized in Figure 2.27. This figure shows the reference

numbers of each paper listed on the x axis and the coverage rate on the y axis.
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Figure 2.27 Coverage rate results, reported and calculated from literature
The following notes give more detail from the papers where the coverage rate was reported

by the authors (papers with marked ‘R’ in Table 2.6)

In Brandt et al. [508], a new laser coating technique was described that could be used to
create wear and corrosion-resistant surfaces. A combination of pre-placed and blown powder

methods for production of clad layers was used.

A 500 W Nd: YAG pulsed laser delivered by optical fibers was applied. Nickel-based alloys
were bonded to mild steel substrates. In a single pass, layers exceeding 1 mm in thickness
can be produced using a 300 W laser power, see in Figure 2.28. The cladding obtained is
homogenous, without any cladding defects, and has low dilution (less than 2%). The

volumetric coverage rate was 8.125 mm?®/s.

SSEK Y WS SpBkm ODDO04

Figure 2.28 Cross-sectional view of overlapping tracks for a typical layer with an average thickness of 1.0 mm, a
coverage rate of 8.125 mmd/s [508]
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Yuan et al. [512] investigated the microstructure and properties of traditional laser cladding
and high-speed laser cladding of Ni45 alloy coatings. A 2 kW fiber laser was applied. By
using Ni45 as additive materials bonded to AISI 1045 steel substrates. These results indicate

the volumetric coverage rate of 13.57 mm®/s with a layer thickness of 0.053 mm.

Lubaszka and Baufeld [518], describe results that were obtained when powder was deposited
horizontally using a high-power diode laser. A 15 kW high power diode laser was used to
form the clad layers. A powder material of 308L was applied to S355 substrate. The
volumetric coverage rate calculated from their data is between 80 and 91.25 mm?®/s with a
thickness of 1.5 mm, 1000 mm/min process speed and 3.2-3.6 mm inter track distance.

In Tuominen's work [519], the reported volumetric coverage rate was 114 mm?®/s with the
inter-track distance of 9 mm, and process speed of 1900 mm/min with approximately 15%

overlap. The effective thickness achieved was 0.4 mm.

Moreover, Tuominen et al. [520] presents a new method of laser strip cladding, suitable for
surface treatments, repair, and additive manufacturing. Testing was conducted using a solid
Inconel 625 strip width of 30mm on the base material of S235. Figure 2.29 depicts the cross
section of the multi clad. Results showed that with 8 kW laser power, with an inter-track

distance of 29 mm, the volumetric coverage rate of 181.25 mm?/s can be reached with 1.5

mm effective coating thickness.

Figure 2.29 Cross-section of multi-clad layered by 8 kW, 250 mm/min, 127 g/min, inter-track advance 29 mm, the
volumetric coverage rate of 181.25 mm?¥/s. [520]

In a review of more than 200 papers, results of the coverage rate were compiled from only
6 papers. The results are summarized in Table 2.6. It can be seen that the volumetric coverage
rate ranged between 8.13-181.25 mm?/s. Coverage rate of 181.25 mm?/s was the highest
which was reported. However, the coverage rate noted in the technical literature cover a

large range but are frequently substantially below 88 mm?®/s.
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Table 2.6 Reported (R) results of coverage rate and calculated (C) coverage rate based on people's work

Num.  Papers Paper Laser type Substrate Powder Laser Feed Process Int.er-track _Beam I__ayer Coverage  Volumetric
type power rate speed distance  diameter thickness rate coverage rate
(kW)  (g/min)  (mm/min) (mm) (mm) (mm) (m?/h) (mmd/s)
1 [504] C 2 kW CO2 laser A3 Nickel-based 0.7 4 360 13 4 0.28 0.028 2.184
2 [505] C 1 kW Nd:YAG AerMet 100 AerMet 100 0.774 125 640 1 25 0.3 0.038 3.2
3 [506] C 3 kW fiber laser  Gray cast iron NiCrBSi 0.5 8.5 300 15 1.7 0.6 0.027 45
4 [507] C 1 KW fiber laser Inconel 718 Inconel 718 0.65 6 500 1.3 - 0.65 0.039 7.042
5 [508] R 0.5 kW Nd:YAG Mild steel Hastelloy C 0.3 5.76 750 0.65 15 1 0.029 8.125
6 [509] C  3.3kW fiber laser AlSI| 304 Hoganas 3533 1.8 - 300 1.35 - 1.27 0.024 8.573
7 [510] C 1.6 kW HPDL AISI 4340 Cu15Sn0.4P 1 24 600 1 3 1 0.036 10
8 [511] C  1.5kw CO2 laser Mild steel Stellite 6 1.38 12 1200 0.66 2 0.87 0.048 11.484
9 [512] R 2 kW fiber AISI 1045 Ni45 2 - 76860 0.2 - 0.053 0.940 13.579
10 [513] C 4 kW diode laser A45 FeCrMoMn 2.2 38 70000 0.2 0.5 0.07 0.840 16.333
11 [514] C 3 kW fiber laser AISI 1045  W6Mo5CrdV2 1.4 16 420 3 - 2 0.076 42
12 [515] C 3 kW fiber laser ~ Cr—Ni-based AISI 1045 3 450 306 7 - 15 0.129 53.55
13 [516] C 4 kW fiber laser AISI 1045 TiC/IN625 36 3.2 117810 0.5 1 0.074 3.534 72.65
14 [517] R 15 kW HPDL $355 308L 45 30 1000 3.2 7 15 0.190 80
15 [518] R 15 kW HPDL $355 308L 5 50 1000 3.65 9 1.5 0.220 91.25
16 [519] R 4 kW Nd:YAG $235 Inconel 625 4 60 1900 9 5 0.4 0.900 114
17 [520] R 10 KW HPDL $235 Inconel 625 8 127 250 29 135 15 0.435 181.25
18 [521] C 6 KW fiber laser C45 FeCoNiCrAl 6 30 50000 0.5 1 0.45 1.500 187.5
19  [522] C 4 KW fiber laser Mild steel X-M6V 2.4 13 30000 0.8 2 0.5 1.440 200
20 [523] C  15KkW fiber laser S235JR Inconel 625 15 273 1000 5 5 2.5 0.300 208.333
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2.4.4.3 Summary of coverage rate

The laser cladding process is intended to provide an excellent defect-free coating, improving
surface properties with low dilution and maximum powder catchment efficiency and
coverage rate. High coverage rates can improve productivity and reduce costs. The
volumetric coverage rate is defined as the area covered per unit time with required thickness.
The linear process speed, inter-track distance and the clad thickness can be used to calculate
the volumetric coverage rate. Following a comprehensive literature review, the volumetric
coverage rates were calculated using data from other people's work. Coverage rate ranged
between 2.18-208.34 mm?/s. The maximum volumetric coverage rate was approximately
208.34 mm?3/s with 2.5 mm maximum thickness. Even though there is a wide range of

coverage rate noted in technical literature, the average is estimated to be around 60 mm?®/s.



2.5 Summary of the literature review
According to the above literature review, information for laser cladding with blown powder
for high quality and productivity applications can be summarised and consolidated into the

below key findings:

Dilution is a natural consequence of the cladding process because some substrate melting is
necessary in order for there to be a good interfacial weld between the cladding and the
substrate. Excessively high dilution decreases the benefit gained from adding the clad
material to the surface. Target dilution values vary but tend to be 5 percent. In some cases
high dilution levels are actually preferred but such applications are unusual. There are no
clear guidelines on how to measure or analyse the level of dilution in laser clad surfaces.
There is a range of dilution measurement and analysis techniques in use. Dilution can be

determined using geometrical features and chemical composition.

Geometrical dilution measurements are made on cross-sections of laser clads. This makes
geometrical dilution measurement a necessarily destructive process which is a clear
disadvantage. It should however be noted that there is other useful information that can be
extracted from examination of such cross-sections, including overall clad shape, quality of

the interface, presence or absence of porosity and cracking.

Geometrical methods only give an overall dilution value and give no indication of the
dilution gradients which will exist in the clad layer, particularly near the clad-substrate
interface. Geometrical methods give only a spatial measurement of dilution levels which do

not account for the densities of the alloys involved.

A lot of published work on laser cladding focusses only on single tracks, however industry
is almost solely interested in multiple, overlapping clad tracks. The majority of geometrical
dilution measurement methods are defined with reference to a single track. These need to be
redefined for multiple overlapping tracks. This generally results in simplified measurements
as more regular shapes need to be measured. The extreme would be an entirely uniform clad
where clad height above the original surface and melt depth below the original surface are
uniform along the clad. There are well known differences at the start and end of the cladding,

where steady state conditions are not obtained.

Based on the research papers, we can conclude that there is no explanation for the choice of
dilution measurement technique. Moreover, no previous studies have been conducted to

compare dilution techniques. This subject is covered as part of one of the papers published
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as part of this PhD. Geometrical dilution techniques require only optical microscopy
measurements, but do not provide accurate information regarding chemical properties. The

most accurate method for determining dilution is EDX type chemical analysis.

Productivity is crucial in laser metal deposition to make the process economically viable. By
improving the deposition rate of the process, it is possible to optimize the productivity of
laser cladding. Over the past ten years, research has focused on deposition rate as an
important research topic . Typical deposition rates for laser cladding with blown powder are
usually around 0.5 kg/h. The deposition rate is determined by: the total amount of powder
deposited per unit of time. It is also possible to achieve a very high deposition rate, up to 16
kg/h.

High powder catchment efficiency can enhance productivity and increase cost-effectiveness.
The catchment efficiency is defined as the percentage of the mass of the clad layer divided
by the mass of powder supplied to the process. Following a comprehensive literature review,
the interaction between powder catchment and processing parameters was investigated. As
stated in literature review, the powder catchment efficiency can be improved by higher laser
power, increased powder flow rate, lower carrier gas flow rate, slower process speed, larger
melt pool size, narrow powder flow diameter, preheating the substrate, new nozzle designs,
using crushed powders. The powder catchment efficiencies noted in the technical literature
cover a large range, between 5-95%, but are frequently substantially below 50%. Since these
powders are relatively expensive, it is obviously important to maximize their usage wherever
possible. Additionally, it is important to note that the process is usually dependent upon the
flow characteristics of the powder, and this may be adversely affected by contaminants or
particles that have been fused together. Powders that were not incorporated into the clad

cannot be reused.

High coverage rates can improve productivity and reduce costs. The process speed, inter-
track distance and the clad thickness can be used to calculate the volumetric coverage rate.
Published coverage rates ranged between 2.18-208.34 mm?®/s. The maximum volumetric
coverage rate was approximately 208.34 mm3/s with 2.5 mm maximum thickness. Even
though there is a wide range of coverage rate noted in technical literature, the average is

estimated to be around 60 mm3/s.
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2.6 Research hypothesis

In this thesis, the principal objective is to improve the quality and productivity of blown

powder laser cladding. Based on the literature review on laser cladding powder deposition,

the following research hypotheses are proposed:

95

Providing guidelines and advice for researchers and engineers in the field of laser
cladding and related Direct Energy Deposition (DED) techniques, could help to
establish a standardised approach to quality assessment and productivity metrics.
By using a different cladding deposition technique over the traditional AAA
cladding, overall productivity and quality factors could be improved.

Using high-speed video images and developing a program to detect particles could
assist in the understanding of powder catchment behaviour by analysing the meltpool
of the clad and the movement of powder particles.

The quantitative analysis of the powder catchment behaviour of powder grains in
laser cladding may be useful in understanding how to improve further the

productivity of the process.



3 Chapter Ill. Experimental procedures

3.1 Introduction

In this chapter, the equipment and experimental procedures are explained. Firstly, the
materials used are discussed, including powder chemical analysis. Then, explanation of the
preparation of the workpiece and the setup of the laser system for laser cladding experiments,
which includes the control system, the powder delivery method, and the nozzle design. All
laser cladding experiments are described, including the processing parameters used.
Characterisation of deposited coatings as well as sample preparation for the microstructural
examination and description of optical microscopy, scanning electron microscopy (SEM)
and Energy Dispersive X-ray spectroscopy (EDX) techniques used for both powder and
deposit characterisation are detailed. Geometrical characterisation, dilution, microstructural
characterisation, identification of cladding defects of the cladding samples are also

explained.

Laser cladding experiments were conducted in two different laboratories. The first
laboratory is located at the University of Nottingham, United Kingdom. A second one is

located at Lulea University of Technology, Luled, Sweden.

3.2 University of Nottingham

Three major components are required as part of the laser cladding system with powder
injection: the laser system, the powder feeding system, and the computer numerically
controlled (CNC) robotic system. Understanding the structure of these systems and their
functionality under a variety of operating conditions is critical to the laser cladding process.
The laser system is generally responsible for generating the required energy. This powder
system is designed to produce a continuous, uniform powder flow over a defined rate.

Computer numerical control equipment controls the laser coating process.
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3.2.1 Laser system

Laser cladding experiments were performed with a 2 kW IPG Ytterbium-doped, continuous-
wave fibre laser (YLR-2000), which operates with 1070 nm wavelength, 125 mm
collimating lens and 206 mm focusing lens beam delivery system and combined with the
Precitec YC 50 cladding head (Laser Trader Ltd., Chesterfield, UK). The maximum output
power of the laser used in the experiments was 1.8 kW. A laser can be operated both in
continuous mode (CW) and in pulse mode. During the trials conducted within this project,
the laser was only operated in continuous mode. The laser system is using a fibre with a
diameter of 100 um, coupled to a fibre with a diameter of 600 um in order to deliver the light
beam. Using an Ethernet cable, the laser is connected to the computer and is controlled using
the LaserNetTM software. The laser power can also be controlled externally with analogue
signals of 0-10 V DC. The beam was defocused to a round spot measuring about 2.54 mm
in diameter and 12 mm away from the focus, which yielded a working distance of 206 mm
with approximately Gaussian energy distribution. There is a common practice of operating
the laser system out of focus in order to provide a larger circular spot for materials to be
placed into the melt pool generated by the laser beam on the substrate. The laser cladding

system can be seen in Figure 3.1.

T

Figure 3.1 Laser cladding system
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3.2.2 Powder delivery system

All depositions were carried out using a Miller Thermal, Model 1264 (Praxair Surface
Technologies Ltd., Swindon, UK) gravity-based powder feeder (see in Figure 3.2). A
gravity-based powder feeder system consists of two major components: a powder storage
container and a rotating disk. Powder is transferred from the container to the rotating disk
and transported using a carrier gas to the collection unit and finally to the cladding head.

Figure 3.2 Powder delivery system

Argon was used as a carrier gas to pressurize the powder chamber with a constant gas flow
rate of 10 L/min. Backpressure was applied to the carrier funnel to stabilize the powder
stream. The volumetric powder feed rate can be adjusted according to the slot size and the
disk speed. Coaxial powder feeding with Imm copper nozzle has been employed for laser
cladding experiments. Powder feeders have been calibrated for specific powder feeding rates
based on changes in the speed of the motor that spins edge-perforated disks in the feeder,
and their revolutions per minute (rpm). Powder calibration was accomplished by weighing
a series of powder samples delivered over a period of time. Using the coaxial nozzle, powder
is applied coaxially to the substrate surface in the case of laser cladding, corresponding to a
nearly Gaussian distribution of powder density. Through this process, three streams interact
with the material surface: a shield, a carrier gas and a powder stream. Gas is responsible for
two distinct purposes, carrying the powder particles within the nozzle around the laser beam
and protecting the coating from the atmosphere to avoid the coating defects. In order for the
powder jet to be effective, it must be dispersed uniformly, parallel to the laser beam profile,

and flowing laminarly.
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3.2.3 CNC system

Laser coating is controlled by computer numerical control (CNC) equipment. The laser
cladding was carried out on a simple 4 axis CNC table. Both the laser head and the powder
feeder nozzles are attached on the z-axis and remain fixed, whereas traversal movement of
the substrate is accomplished in the x and y-axes directions, which is accomplished by
mounting the substrate plate on the worktable of the CNC machine using a programme
written in G-code. As a result of this setup, the work piece is moved relative to the stationary
laser beam. High scanning speeds and high positioning accuracy characterize this motion
control system. The cladding process generated fumes which were removed using a suction
extraction system. The laser beam was defocused to a round spot measuring about 2.54 mm
in diameter and 12 mm away from the focus, which yielded a working distance of 206 mm
and the standoff distance, distance between the substrate surface and the coaxial nozzle, is
10mm. There were two types of plates utilized in the experiments, sample plates and run-on
plates. Run-on plates are used to compensate for slow acceleration of the table. Using clips
and screws, the plates were attached to a four axis table. As illustrated in the following figure
in Figure 3.3, the left plate is the run-on plate and the right plate is the sample plate, therefore
the cladding direction is from left to right. The stage was surrounded by a protective wall in
an effort to reduce the powder pollution outside the stage (see in Figure 3.3b)).

Protective
wall

Figure 3.3 CNC table setup
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3.2.4 Materials

The substrate material was bright drawn mild steel (BDMS) AISI 1023 provided by Smith
Metals Nottingham. Plates with dimensions of 100 mm x180 mm x 6 mm (width x length x
thickness) have been prepared and then cleaned with acetone before the cladding procedure
to enhance laser absorption on the substrate surface and remove contaminants to decrease
the cladding defects. Below in Table 3.1 is summarizing the chemical composition of mild

steel derived from energy dispersive X-ray analysis (EDX).

Table 3.1 Chemical composition of bright drawn mild steel AISI 1023

Chemical Composition (wWt%b)
Alloy C Si Mn P S Fe
AISI 1023 0.2 0.25 0.5 0.045 0.03 bal.

As an additive powder, AISI 316 stainless powder, supplied by Hoganas Belgium, and
Stellite 6, supplied by LPW Technology, was used. The following Table 3.2 summarizes the
chemical composition of the powders based on energy dispersive X-ray analysis (EDX).

Table 3.2 Chemical composition of AISI 316 and Stellite 6 powders

Chemical Composition (wWt%b)
Alloy C Si Mn Cr W Mo Ni Fe Co Other
AlISI 316 0.03 1.00 200 1700 - 2.00 1200 bal. - 0.175
Stellite6 0.96 147 - 27.00 500 - 087 0.73 bal. 0.07

According to technical data, 316 powder particles ranged from 40 to 80 um, while Stellite 6
particles were 20 to 50 um.

3.2.5 Powder feed rate measurements

Previously, it was explained that the disc speed and slot size can be adjusted to control the
volumetric powder feed rate. For the laser cladding experiments, different rotation speeds
were used for different powder feed rates. The first thing that should be done prior to every
laser cladding session is to measure the powder feed rate. This calibration of powder flow
rate was conducted by running system for a known time, collecting and weighing the
powder. Particle size also affects the powder feed rate. In the experiments, two different
powders were used: 316 with size range of 40-80 um and Stellite 6 particle size range
between 20-50 um. The measurement of the powder was accomplished using a collector
unit, designed to collect the powder without wasting any material (see in Figure 3.4). A 3D

printer was used at the university to produce the collector unit.
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Figure 3.4 Powder collector device
The device consists of three components, a glass holder, glass beaker container, and an
exhaust cap with a fabric filter. This design allows for powder and carrier gas to enter into
the collector device and leave the powder inside with the carrier gas exiting. Before the
powder feed rate measurement, the device is weighed three times. A feed tube is inserted
into the input of a collector after turning on the feed rate and letting it run for a minute. The
device was weighed again after the measurement, and the powder feed rate was calculated

by subtracting the weight before and after the measurement.

3.2.6 Determining the powder catchment efficiency
Using the cross-section of the clad, this PhD used another method to determine the powder
catchment efficiency, defined as:

Alrac'k. VP

E]J(‘( %) ZW' 100 (1)

Where,

Epc = powder catchment efficiency (%)

Aurack = Cross sectional area of a single track above the original line of the substrate (mm?)
v = Process speed (mm/min)

Ro = Density of cladding material (g/mm?)

PFR = Powder feed rate (g/min)
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3.2.7 Processing parameters
3.2.7.1 Experimental design

3.2.7.1.1 Processing parameters

Numerous factors influence the quality and characteristics of laser cladding coatings. These
factors encompass clad geometry, microstructure, dilution, presence of defects, residual
stresses, distortion, surface roughness, metallurgical changes in the substrate, and process
efficiency. The impact of these factors is mediated by laser cladding process parameters and

the physical phenomena occurring during the cladding process.

Process parameters in laser cladding can be categorized based on factors like the type of
beam, feeding mechanism, materials, and operational aspects. Some parameters, such as
beam and feeding, are typically fixed and contingent on equipment choices like the laser and
optics. Material parameters are reliant on the selection of additive material and substrate,
encompassing properties of the powder particles (particle size, morphology, chemical
composition, thermophysical, and optical properties) and substrate properties (geometry,
mass, chemical composition, surface condition, thermophysical, and optical properties).
Laser cladding operating parameters can be adjusted by the operator and significantly affect
process outcomes. Among these parameters, the three most critical ones that profoundly
influence coating characteristics are laser power (P), scanning speed (V), and feeding rate

Q).

Research indicates that increasing laser power, while keeping other parameters constant,
results in an increase in bead height [424, 481]. However, the effect of laser power on clad
height is minimal. Laser cladding with powder feeding typically exhibits linear correlations
between height and feeding rate (Q) and between height and powder feed rate per unit length
(Q/V) [285, 325, 380]. Generally, an increase in the feeding rate leads to an increase in clad
height ,moreover, the cross-sectional area of the clad (Ac) also increases with increasing Q
and Q/V [321, 433].

Reducing scan speed and increasing laser power have been observed to lead to an expansion
in clad width [166, 433, 511]. Notably, the primary determinant of this width is the spot size
of the laser beam. Surprisingly, it is possible to achieve a width larger than the spot size even
with very low processing speeds and very high laser powers [511]. In the context of coaxial

laser cladding, these relationships exhibit linearity [285].
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One of the key factors influencing substrate melting is the amount of energy available per
unit mass of powder, denoted as P/Q. Dilution tends to increase with higher laser power
[193, 424] but decreases with an increased feed rate [321, 328, 380]. Moreover, an increase
in scanning speed, especially for thin beads, tends to elevate dilution [286, 328, 369].
However, for cladding with greater bead heights, this influence becomes less pronounced
[344].

A comprehensive understanding of the interplay between processing parameters and clad
characteristics is vital to achieve defect-free coatings with the desired geometry, fusion bond,
and low dilution. Essentially, once the additive and substrate materials are chosen, achieving
a successful laser cladding process hinges on striking the right balance between the material
fed and the laser energy supplied. To identify operational parameters and explore

correlations, creating a process map is the most suitable approach [285].

3.2.7.1.2 Clad characteristic

In the preceding section, we established that laser cladding coatings are influenced by a
multitude of factors. Now, let's delve into the primary characteristics defining a clad. The
Figure 3.5 below illustrates a typical cross-section of a single clad bead, featuring the key

parameters associated with clad geometry. These parameters include:

Clad Height (C): This represents the thickness of the clad above the surface of the clad

substrate.

Clad Depth (S): It signifies the thickness of the substrate that undergoes melting during
cladding and becomes part of the clad.

Clad Width (W): This dimension corresponds to the width of the individual clad.

Clad Cross-Sectional Area (Ac): It denotes the area enclosed within the cross-section of the

clad.

Clad Penetration Cross-Sectional Area (As): This parameter represents the area within the

penetration cross-section of the clad.
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Figure 3.5 Clad with specific geometric characteristics a), exemplified by b)

3.2.7.1.3 Parameters for A and B clad
Optimizing cladding parameters for both AAA and ABA cladding involves achieving a

single clad with minimal dilution, as well as suitable clad height and width (Figure 3.6)

To fine-tune the single clad, various adjustments were made to the processing parameters,
ranging from maximum to minimum settings, in order to obtain a diverse range of single
clad shapes. Three primary processing parameters were the focus of this optimization: laser
power, powder feed rate, and table speed. In the course of this research, a 2 kW fiber laser
was employed; in industrial applications, higher laser power is typically utilized to enhance
cladding efficiency. To minimize potential errors from the laser, a 1.8 KW laser power setting

was used, with variations made solely to the powder feed rate and process speed.

The beam's movement speed was adjusted within the range of 500 to 2000 mm/min, along
with a feed rate spanning from 15 to 30 g/min. It was determined that the most suitable A
clad for further investigation could be achieved with the following processing parameters:
1.8 kW laser power, a scanning speed of 1000 mm/min, and a feed rate of 25 g/min.
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Figure 3.6 A clad cross section geometry for various scanning speed and powder feeding rates.
3.2.7.1.4 Other characteristics
This part of the work does not contain other characteristics, such as: the clad microstructure,
which are strongly influenced by laser cladding. The coating defects (cracks and pores/voids)
which can occur in laser-clad surfaces. The residual stress (tensile stresses), due to localized
heat sources with high intensity and short interaction times. Energetic efficiency, which is
influenced by the reflection and absorption of laser irradiation by the surface of the melt

pool.

3.2.7.2 Parameters for AAA and ABA cladding

After determining the appropriate processing parameters for A clads, the parameters for B
clads can also be selected. The main focus is to achieve maximum efficiency, deposition
rate, and powder catchment efficiency. To achieve this, the cladding speed and inter-track
distance were adjusted. Increasing the speed could lead to a reduction in production time,
while increasing the inter-track distance allows for covering a larger area per unit of time.
The laser powder remains constant as used in A cladding, as well as the powder feed rate.
This is because changing the powder feed rate is complex and can yield unreliable results.
Adjusting the powder feed rate up and down requires multiple measurements to obtain the

exact feed rate.
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As illustrated in the Figure 3.7 below, A cladding is deposited first with specific speed and
inter-track distance, resulting in clad area A, deposition rate DRa, catchment efficiency PCa,
and volumetric coverage per unit of time VOLa. By increasing the inter-track distance, the
approximate area of B clad can be calculated to be approximately 87% of A clad area. This
calculation is crucial when aiming for a flat surface, as it reduces the need for post-

processing, thus saving time and material.
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Figure 3.7 ABA cladding concept

Furthermore, when the speed is increased, for example, doubling it compared to A clad, the
deposition results for B clad are as follows: the deposition rate and powder catchment
efficiency could become 1.75 times that of A clad, and the volume of B clad is also 1.75
times that of A clad. This approach, known as ABA cladding, aims to achieve a flat surface
without the need for post-processing machining, reducing material waste and process time.
Additionally, this concept can enhance deposition rates and powder catchment efficiency,
possibly due to factors such as powder reflection from the shoulders or changes in melt pool

geometry.

Table 3.3 An example of ABA cladding data

A clad B clad
Speed \/ Va Vb=2Va
Area of the clad A Aa ADb=0.87Aa
Deposition rate DR DRa DRb=1.75Dra
Powder catchment efficiency PC PCa PCb=1.75PCa
Volumetric cover rate VOL VOLa VOLb=1.75VOLa
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Figure 3.8 shows a simplified diagram of ’A’, ‘AAA’ and ‘ABA’ sample which gives details
of how the samples were created and subsequently sectioned. In ‘ABA’ cladding, the actual
samples involved 8 identical, parallel ‘A’ tracks interspersed with 7 ‘B’ tracks. Tracks were
completed with different A-B lateral spacings. The length of "A" clad was 90 mm and for
"B" clads 60 mm. For the clad “B”, two different processing parameters were changed laser
beam scanning speed and inter-track spacings. The process speed (i.e. the movement speed
of the CNC table) was varied between 800 mm/min and 3200 mm/min. Samples were created
with a variety of inter-track spacings 1.05-1.65 mm (overlapping ratio 20%-80%). The
following processing parameters were always used for clad "A": 1.8kW laser power, 1000
mm/min scanning speed, and 25 g/min feed rate. There were 37 samples deposited in total.
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Figure 3.8 a) A solo, or initial, ‘A’ track, b) In standard (AAA) laser cladding the clad surface is made up of
overlapping ‘identical’ tracks (although a few, early tracks differ from later tracks), c) in ABA cladding a set of
widely spaced identical ‘A’ tracks are laid down first and then the gaps between them are filled with ‘B’ tracks.

This experiment was designed to compare the deposition rate, powder catchment efficiency,
coverage rate, surface roughness, local metallurgy and dilution of the AAA and ABA

claddings.
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3.3 Lulea University of Technology

The experiment was carried out at the University of Lulea by Dr. Himani Naesstroem. The
equipment, such as the laser system, powder feed rate device, and CNC table, and
experimental methods were described.

3.3.1 Laser system

Laser cladding measurements were conducted with a 15 kW IPG Ytterbium-doped,
continuous-wave fibre laser, which operates with 1070 nm wavelength, 150 mm collimating
lens and 250 mm focusing lens beam delivery system and combined with the Precitec YW
50 cladding head. The laser has only been operated in continuous mode during the
experiment. The laser system is using a fibre with a diameter of 100 pm, coupled to a fibre
with a diameter of 400 um. The laser output was 3 kW. The beam was defocused into a
round spot measuring approximately 4 mm in diameter and having a Gaussian energy

distribution and stand-off distance of 13mm. Figure 3.9 illustrates a laser cladding system.

Illumination laser optics

High-speed camera Powder feeding nozzle

Substrate

Figure 3.9 Laser cladding system in Lulea university

3.3.2 Powder delivery system

A blown powder directed energy deposition process was used for the cladding. A coaxial
COAX 14V5 (Fraunhofer IWS) continuous nozzle (also known as a ring-slit nozzle) was
employed, where the carrier gas and the powder were fed through the slit, and the laser beam
and shielding gas passed through the central hole. This produced a focussed powder feeding
stream with a diameter of approximately 2mm at the melt pool surface. The argon gas was
used for shielding and as a carrier gas. Powder was fed through a commercial gravity-based
powder feeder. The carrier gas flow was 8 I/min and shielding gas flow was 15 I/min. Powder
feeders have been calibrated for specific powder feeding rate. This feed rate was checked
experimentally twice by collecting the powder in a specially designed container over a five-

minute period, with a standard deviation on 26g/min of 0.08.
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3.3.3 Materials

AIlSI 304 austenitic stainless steel was used as the substrate material. Plates with dimensions

of 50 mm %180 mm x 5 mm (width x length x thickness) have been prepared, then grinded

and cleaned with acetone before the cladding procedure. A powder of austenitic stainless

steel AISI 316L was used as an additive powder. Table 3.4 summarizes the chemical

composition of the substrate and the powder as determined by energy dispersive X-ray

analysis (EDX).

Table 3.4 Chemical composition of the applied materials

Chemical Composition (wt%b)

Alloy C Si Mn Cr Mo Ni Fe
AISI1316L 0.01 0.8 15 17.00 26 12.7  bal.
AISI304L 0.07 1.00 2.00 1850 - 9.00  bal.

Microscopy measurements revealed that the 316L powder particles ranged from 50 to 150

microns in size.

3.3.4 Powder feed rate measurements

Powder calibration was accomplished by weighing a series of powder samples delivered

over a period of time. The measurement of the powder was accomplished using a collector

unit (see in Figure 3.10).

Figure 3.10 Powder collector device in Lulea university

Before the powder feed rate measurement, the device is weighted. A feed tube is inserted

into the input of a collector after turning on the feed rate and letting it run for 5 minutes. The

device was weighed again after the measurement, and the powder feed rate was calculated

by subtracting the weight before and after the measurement. The powder feed rate was 26

g/min for the experiment and remain unchanged.
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3.3.5 CNC system

Laser cladding is controlled by computer numerical control (CNC) equipment. The laser
cladding was carried out on a simple a 3-axis ISEL FlatCOM L150 CNC system with test
plates clamped to a linear motion table. Both the laser head and the powder feeder nozzles
are attached on the z-axis and remain fixed, whereas traversal movement of the substrate is
accomplished in the x and y-axes directions. The cladding process generated fumes which

were removed using a suction extraction system.

3.3.6 High speed camera and image processing
3.3.6.1 Introduction

A high-speed video characterization section is divided into four subchapters, each with a
specific research objective and technical aspect:

I. Objectives and Tasks

A brief introduction to the research employing high-speed video characterization is provided
in this introductory subchapter. To provide a comprehensive understanding of the objectives

and specific tasks, we outline its primary objectives.
Il. Hardware Setup

The next chapter goes over the hardware configuration used for the research. There's a
detailed description of the hardware components selected, their placement within the laser
cladding system, and any modifications or adaptations made to facilitate high-speed video

data acquisition.
I11. Software Implementation

This subchapter focuses on the software aspect of the methodology. Provides a
comprehensive overview of the software architecture and programming paradigms used to
control and capture high-speed video. During the experimental phase, it provides insights

into the selection of programming languages, platforms, and specialized software tools.
IV. Video Analysis Concept

The final subchapter within this section explores the fundamentals of video analysis. Based
on the high-speed video data collected and processed, this chapter explains how to calculate,
measure, and analyze errors. An in-depth look at how analytic techniques were applied to

capture meaningful insights from the high-speed video frames.
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With this structure, readers can follow a logical progression, starting with a detailed
explanation of research objectives, then understanding hardware and software

configurations. Ultimately, it explores video data analysis methods in depth.

3.3.6.2 Objectives in high-speed image processing

An objective of image processing is to achieve the following key goals: Analyze and
describe the meltpool and interaction zone in the cladding process. Analyze high-speed
images of powder particles by isolating and identifying individual particles. Calculation and
documentation of particle velocity vectors for each powder particle during cladding will
provide insight into how the particles move. Analyze directional trends in powder loss to
determine governing mechanisms of powder dispersion. Evaluation of Powder Capture
Efficiency: Evaluate the efficiency of powder capture, providing insight into the ability of
the cladding process to retain powder particles. Quantify Powder Flow Rate: Use high-speed
images to determine precisely how much powder is flowing through the system.
Collectively, these objectives form a comprehensive framework for image processing,
allowing us to investigate powder dynamics and interaction within laser cladding systems in
depth.

3.3.6.3 Hardware setup

The procedure was captured using a high-speed imaging (HSI) camera operating at 8000
frames per second. The lighting was provided by a continuous wave diode illumination laser
with a wavelength of 808 nm. To filter out extraneous process light, a narrow bandwidth
filter precisely matching the illumination laser's wavelength was employed. The
configuration of the process is depicted in Figure 3.11, with the camera positioned at an 11°
angle from the horizontal axis. A total of 2000 frames were acquired throughout the
processing. High-speed imaging videos were played back at reduced frame rates to facilitate
the observation of powder catchment behavior and the geometry of the melt pool.
Specifically developed software was employed for the analysis of the High-Speed Imaging
videos, enabling the monitoring of powder particle trajectories towards and away from the

melt pool region.
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Figure 3.11 High speed imaging a) experimental setup, b) an illustration of the side view

3.3.6.4 Software setup
A Python code was developed using libraries such as numpy, OpenCV, and OpenPIV to

perform a sequence of operations, which are organized into the following steps:

e Particle Detection: This step involves the detection of particles within individual
images.

e Velocity Computation: The code calculates the velocity of particles.

e Association of Directional Vectors: It associates directional vectors with individual
particles.

e Computation of Flow Rates: This step involves the computation of flow rates.

Each of these steps is explained in detail in its respective section. The code processes
individual images for particle detection and utilizes pairs of consecutive images to compute

displacement vectors.

3.3.6.4.1 Particle detection

The objective of this stage is to generate a binary image in which only the droplets are clearly
visible. The original images (in Figure 3.12-a) exhibit noise with high-frequency, low-
intensity patterns stemming from electronics, particularly noticeable in the darker regions.
Additionally, there are high-intensity signals arising from particles (in Figure 3.12-b) and
from the deposition zone. Despite excluding the deposition area from the calculations due to
the particles reaching zero velocity and melting in that region, the reflections originating
from this area contribute to the overall noise in the surrounding environment. Consequently,
a background intensity removal process is executed, involving the subtraction of a blurred

image derived from the original.
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Figure 3.12 Intensity processing
Blurring an image involves the process of smoothing the image until it resembles Figure
3.12-c, where all the intensity peaks (representing particles) have been effectively
eliminated, leaving behind the background intensity distribution. To provide a more intuitive
understanding of these operations, consider the following 1D analogy (Figure 3.13): The red
curve represents the original data, while the green curve represents the smoothed data. In the
context of images, this smoothing or blurring is accomplished through convolution of the
image with a Gaussian filter. When the smoothed data is subtracted from the original data,

only the peaks remain, as illustrated in Figure 3.12-d for 2D data, which are images.
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Figure 3.13 Image blurring
Figure 3.12-c displays the computed background intensity distribution for the image shown
in Figure 3.12-a. The outcome of subtracting this background (Figure 3.12-c) from the
original image (Figure 3.12-a) is depicted in Figure 3.12-d. In Figure 3.12-d, it is evident
that, following background subtraction, what remains consists of the particle signals and
high-frequency noise. To eliminate the high-frequency noise, a low-pass filtering operation

is performed on the Fourier spectrum of the image, as illustrated in Figure 3.12-e.

As the initial background subtraction process alone cannot effectively eliminate high-
frequency noise, an additional step is required. In the context of a 1D data frequency
spectrum, it becomes evident that the implementation of a low-pass filter is indispensable

for the removal of high-frequency components (Figure 3.14).

06

Low pass filter .~

Figure 3.14 As an illustration, consider the frequency spectrum of 1D data, where it becomes evident that the
utilization of a low-pass filter is essential to filter out high frequencies.
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In the context of 2D data analysis, a frequency spectrum is also present. Leveraging previous
experience of the characteristic distribution spectrum associated with particles. In order to
retain this crucial information while reducing high-frequency noise, the application of a low-
pass filter is chosen (Figure 3.15). However, it should be noted that precise frequency values
are not available for this purpose. Nevertheless, the initial frequency filtering step, while
beneficial, may not completely eliminate all noise. Therefore, It was found that it is
necessary to conduct a secondary round of background subtraction and frequency filtering
to further enhance the data quality.
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Figure 3.15 Background elimination through low-pass filtering
The process of background subtraction, in which the background image is computed from
the filtered image as depicted in Figure 3.12-e, is iterated until the particle signal becomes
the dominant feature within the image. This iterative process aims to achieve a clear
threshold that can be applied to binarize the image effectively. The outcome of this
binarization process is illustrated in Figure 3.12-f. Subsequently, following the processes of
background subtraction and frequency filtering, obtaining an image that facilitates the
identification of a clear threshold. The particles or droplets within the image exhibit distinct
peaks of high intensity, enabling the utilization of a relatively conservative threshold value.
In summary, it's worth noting that once this process is successfully applied to one image, it
can be consistently and effectively replicated for all other images. The binary image depicted
in Figure 3.12-f serves as the initial reference for the particle counting process, which is
executed utilizing structural analysis tools within OpenCV. This tool proves effective in not
only identifying particles but also determining their centers of gravity and establishing their
coordinates within the image plane. It forms the foundation for particle counting. However,
for the subsequent step involving the computation of particle motion direction and speed,
the original image is employed. This choice is made because employing a binarized image

can introduce errors in the cross-correlation-based algorithm.
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The algorithm employed for detecting and categorizing objects within the binary image is
known as "cv2.connectedComponentsWithStats," a component of the OpenCV package.
This algorithm not only counts the droplets but also provides valuable information about
their size in terms of pixels and their respective coordinates. To refine the results, a second
step is implemented to filter out objects that are deemed too small. A pixel size of 5
corresponds to an approximate diameter of 44 microns, considering the particle size
distribution ranging from 45 to 180 microns. Based on careful examination of the images
and the particle distribution data sheet, a threshold of 5 pixels is chosen. Consequently, any

object with a size smaller than 5 pixels is disregarded in the computations.

3.3.6.4.2 Velocity computation

Two distinct algorithms, Particle Image Velocimetry (PIV) and Optical Flow (OF), are
employed for vector calculation. PIV relies on a cross-correlation-based approach to assess
the spatial displacement of a group of particles or features. It proves invaluable when the
time gap between frames is too significant to track the continuous positional changes of
individual particles or features over time. Conversely, Optical Flow (OF) operates based on
the differential equation of intensity distribution and is ideally suited for scenarios where an
object can be unambiguously identified between consecutive frames. In the case of small
objects such as particles, successful OF implementation demands a very low particle density.
Both algorithms are applied to the entire image and require two successive frames to deduce
particle displacement. It has been observed that PIV is particularly effective in computing
vectors within high-speed regions of the image (e.g., jet), while OF demonstrates greater

reliability in regions with low-speed particles.
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Figure 3.16 Calculation of directional vectors
In Figure 3.16-3, distinct regions of the cladding process are discernible: at the core, clusters
of rapidly moving metal droplets are confined within a conical shape, progressing towards
the deposition zone. Flanking the central region are slower-moving, solitary particles that
escape the deposition area and reach the image borders. Figure 3.16-b provides an illustrative
schematic of the partitioning of these regions within the image: 'J' designates the central jet,
'L"and 'R' represent the left and right areas surrounding the jet. It's worth noting that particles
eluding the melting area can be present throughout the vicinity of the jet, although they may
not be visible due to the limited depth of field of the camera lens. As mentioned earlier in
this paragraph, PIV is employed to compute velocity vectors in region 'J' of Figure 3.16-b,
while OF is utilized in regions 'L" and 'R'. Figure 2-c illustrates the distinct schemes
employed to create search windows for the two different methods: P1V employs overlapping
windows measuring 100x100 pixels, whereas OF utilizes 24x24 pixel regions of interest.
Subsequently, Figure 3.16-c and-b respectively depict the outcomes of applying OF and P1V

to two consecutive images acquired using the OF method.
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3.3.6.4.3 Merging particle detection and velocity vectors

Nonetheless, distinguishing the high-frequency noise caused by pixelization from the tiny
liquid metal droplets proved to be a challenging task. The code was designed to address this
issue by implementing a filtering cascade that encompasses the following filters:
Thresholding the particle signal, as demonstrated in step 1, Figure 3.12-e. Eliminating
droplets with a size smaller than 6 pixels in the binary image of Figure 3.12-f. Excluding
displacement values obtained with Optical Flow at the order of magnitude of 1 pixel. As
elucidated in the preceding section, direction and velocities are calculated within regions of
interest rather than for individual particles. To assign a vector to each particle, a simple
procedure involves overlaying the binary image derived from step 1 with the velocity maps
generated in step 2, ensuring that all velocity maps are appropriately transformed into images
of 1200x1400 pixels (replace with the correct values). An exemplification of the outcomes
of this process is presented in Figure 3.16-f. It is crucial to emphasize that the Optical Flow
(OF) velocity maps are superimposed onto particles exclusively in regions R and L, while
Particle Image Velocimetry (P1V) vector maps are superimposed onto particles detected in
region J. Consequently, slow and scattered particles have their vectors computed via OF,

whereas fast and densely grouped particles have their vectors computed using PIV.

An illustrative frame (Figure 3.17) extracted from a high-speed image sequence, featuring
identified components such as the powder stream (highlighted in red), the meltpool (depicted
in white), entering powder particles accompanied by velocity vectors (indicated in green),
and escaping powder particles with their respective velocity vectors (shown in yellow).

—  Meltpool

Powder stream

Entering powder particles
— Escaping powder particles

Figure 3.17 A sample frame featuring the identified powder stream (in red), the meltpool (in white), entering
powder particles with velocity vectors (in green), and escaping powder particles with velocity vectors (in yellow).
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3.3.6.5 Video analysis concept
3.3.6.5.1 Mapping the geometry of the melt pool

The plan view geometry of the weld pool was accurately identified from the HSI videos.
Prior to that, it was necessary to identify the meltpool contour based on the frames of the
image. To create the final image for processing, brightness and contrast were adjusted in
order to clearly distinguish the meltpool. The Figure (a) below shows as-received video
frame, (b) the adjusted final image and (c) final image with meltpool mark up with red line.
To further process the data, meltpool interface dimensions were collected using ImageJ with
10 repeats for error calculation and then exported to Excel. As the video was captured at an

angle of 11, the plain view of the meltpool and the area could be determined.

b)

Figure 3.18 HIS video frames as-received video frame, (b) the adjusted final image and (c) final image with
meltpool mark up with red line.
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Figure 3.19 shows how the plan view maps of the melt pools were extracted from the video
data (in this example for a solo ‘A’ track). The maximum width of the melt pool can be
measured directly from the video, but its length L needs to be calculated using equation

below.
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Figure 3.19 a. A schematic of the video capture geometry. b. A typical single frame from the video (‘A’ track). c. A
typical ‘A’ track cross section. d. A typical calculated melt pool geometry (plan view ‘A’ track).

Once L and the maximum width are known, then the overall shape of the pool perimeter can
be taken from the video data and the plan (top) view of the melt pool mapped. The plan view
was preferred to the view perpendicular to the melt surface because the powder can be

assumed to be falling vertically downwards.

3.3.6.5.2 Location, diameter, and area of the powder stream

To analyse particle behaviour, high-speed video frames were utilized to identify entry points
into the meltpool (Figure 3.20-a) or contact with the substrate. By marking these particle
points, the maximum diameter of the powder stream was determined through 12
measurements, along with associated errors (Figure 3.20-b). The powder stream'’s area and
error were calculated from the diameter and its error using the provided equations.
Additionally, the distance between the meltpool and the powder stream was measured 10

times, assuming both were centered on the vertical axis (Figure 3.20-c).
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Figure 3.20 High-speed video frames: a) Image with meltpool outlined in red, b) Particles marked for
identification, ¢) Powder stream marked with its location relative to the meltpool.

3.3.6.5.3 Powder catchment efficiency: meltpool and powder stream overlap
Meltpool graphs are plotted with 10 distinct powder stream locations in Origin. For each
powder stream location and meltpool area, ImageJ was used to measure the catchment area
and determine the pixel ratio of the image (Figure 3.21). In the calculation of the powder
catchment area, the meltpool error was not considered. Using the powder catchment area
and the powder stream area, both the powder catchment efficiency and its associated error
was computed.
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Figure 3.21 Powder catchment efficiency: meltpool and powder stream overlap

3.3.6.5.4 Particle size and powder feed rate

To ascertain particle size, | analysed the high-speed video frames, which consisted of 2000
frames. | adopted a sampling approach, selecting one frame for every 200 frames, resulting
in ten sample frames in total (Figure 3.22). A dedicated program identified the particles
within each of these frames, revealing approximately 100 particles within the predefined
cylinder. With the particle sizes measured in pixels, | determined the diameter of each
individual particle. This diameter information allowed me to calculate the mass of each
particle. By summing the masses of all particles, | calculated the total powder mass,
repeating this process ten times with associated errors. Subsequently, | computed the powder
feed rate and its error using the total particle mass, particle velocities, cylinder height, and
the error of the total mass over ten frames. Then the average powder feed rate and with error

determined.

Figure 3.22 Sample frame with the predefined cylinder
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3.3.6.5.5 Particle distribution and particle size

By analysing all the particles in each frame along with their respective sizes, the particle size
distribution can be determined. The primary objective was to compare these computed
results with the manufacturer-provided datasheet, thereby establishing a correlation between
the two datasets. The computed results exhibit a high degree of correlation with the datasheet
results, characterized by minimal error (Table 3.5).

Table 3.5 Comparison of Powder Size Distribution: Evaluating Calculated Results Against Manufacturer-
Provided Data

pm pum Datasheet  Calculated Error
from to % % %
150 180 0.1 0.08 0.27
125 150 5.1 4.49 1.60
106 125 15.3 14.58 2.14
75 106 51 53.05 3.64
63 75 18.6 18.47 211
53 63 8.9 8.14 1.66
45 53 1 1.19 0.71

3.3.6.5.6 Powder catchment efficiency from particle mass

To assess powder catchment efficiency based on particle mass, high-speed video frames
were used comprising 2000 frames each. Within this dataset, the program systematically
identified particles that entered the meltpool as well as those that escaped in both left and
right directions (Figure 3.23). The diameter of each particle was measured in pixels, enabling
the calculation of individual particle masses. Consequently, weight percentages of all
particles were determined, encompassing those entering the meltpool and those directed in
either the left or right directions. Subsequently, the average powder catchment, powder
escape to the left, and powder escape to the right were computed based on this extensive

dataset.
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Figure 3.23 High-speed video frame: An illustrative example for explaining the directions of particle escape.

3.3.6.5.7 Powder catchment from the cross-sectional area of the clad

The cross-sectional area ten times was measured, from which | derived the average cross-
sectional area and its associated error. Using this cross-sectional area, in conjunction with
data on cladding speed, powder density, and the powder feed rate, the powder catchment
based on the cross-sectional area was calculated. The powder catchment error was
determined using the error associated with the cross-sectional area and the powder flow rate
error. An example of a single clad cross-section with the cross-sectional area highlighted in

red shown in Figure 3.24.

- ’: — N = >
= | Cross-section |
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Figure 3.24 Example of a cross-section of a single clad, with the cross-sectional area highlighted in red.
3.3.6.5.8 Comparing powder catchment efficiency calculations and measurements
Three distinct methods for determining powder catchment have been discussed in previous
sections: powder catchment efficiency based on particle mass, powder stream and meltpool
overlap, and cross-sectional area of the clad. An example of a single A-clad meltpool at
various cladding speeds is provided (Figure 3.25). All three calculations for powder

catchment efficiency are in agreement with each other.
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Figure 3.25 Example of a single A-clad meltpool at different cladding speeds with powder catchment efficiency
calculations

3.3.7 Processing parameters

3.3.7.1 Process parameter for AAA and ABA cladding

A total of 24 samples were deposited. The unchanged processing parameters: 3kW laser
power and 26 g/min feed rate were used. Tracks were created using both the AAA and ABA
techniques. The actual samples involved 3 identical, parallel ‘A’ tracks interspersed with 2
‘B’ tracks. Tracks were completed with different A-B lateral spacings. The length of "A"
clad and “B” clad was 90 mm. Two different processing parameters were changed laser beam
scanning speed and inter-track spacings. Samples were created with a variety of inter-track
spacings 2-4 mm (overlapping ratio 0%-50%). The tracks comparing ‘AAA’ and ‘ABA’
clads were carried out at 700 mm/min. For further investigation into ABA cladding, the
process speed was varied between 700 mm/min and 1500 mm/min. A series of solo ‘A’
tracks were also made over this range to investigate pool shape changes as a function of
process speed. This experiment was designed to compare the quality and the productivity
parameters of the AAA and ABA claddings.

3.4 Sample preparation and metallographic techniques
All specimens were subjected to standard specimen preparation techniques, particularly
cutting, mounting, grinding, polishing and etching. Subsequently microstructural analysis

was performed.
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3.4.1 Sample preparation

3.4.1.1 Sample cutting

Following the laser cladding experiment, the next step was cutting the sample. When
selecting the location for authentic measurements, it is essential to select a location where
the process has already stabilized. Therefore, it is far enough from the points at which the
welds start and also at a sufficient distance from the points at which the beam exits. Cuts
were made approximately midway along the track, since it has been observed that laser
deposition takes 2-3 seconds to become stable. A sample of 8 mm in length was cut from the
plate. For instance, the selected location corresponds to the image below (see in Figure 3.26),

which demonstrates laser cladding “AAA” and “ABA” experiment samples.
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Figure 3.26 Samples with cutting location
Cutting was performed using the AbrasiMatic 300 band saw, which is shown in Figure 3.27.
For the successfully separated pieces, manual deburring followed by manual cleaning was

done.

Figure 3.27 AbrasiMatic 300 band saw
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3.4.1.2 Hot mounting

Prior to grinding, the cut samples were hot mounted in phenol-based resin using a hot
embedding device. Sample quality and structure are unaffected by the temperature of the hot
mount procedure. Samples were mounted in specimens with a diameter of 30mm. As shown

in Table 3.6, the following setup parameters were used for the hot mounting.

Table 3.6 Mounting system setup parameters

System parameters Notation  Unit

Heating temperature Th °C 180
Heating time th min 9
Cooling time te min 2.5
Container pressure Pc bar 3

The purpose of the hot mount was to facilitate handling during sample preparation. As a
result of sample preparation, such as grinding and polishing, a surface will be created on the
sample that is suitable for microscopic structure studies. Metaserv Automatic Mould Press
hot mounting system was used for the moulding process, which is shown in Figure 3.28.

After successful mounting, the pieces were cleaned manually.

Figure 3.28 Metaserv Automatic Mould Press system
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3.4.1.3 Grinding

Grinding is the next step in sample preparation. P 240, P400, P600, P1000, and P1200 SiC
sandpapers were used in the wet environment for grinding. The number on the sandpaper
indicates the fineness of the paper - e.g. P240 = 240 pieces of SiC / mm? — i.e. the number
of SiC particles per 1 mm?. Water was used to reduce frictional heat during the operation,
thus preventing overheating. A smooth surface was required for polishing. For the grinding
process, Struers LaboPol-21 grinding system was utilized, which is shown in Figure 3.29.
The next step for the successfully ground pieces was to clean them with water and ethanol,

followed by a full drying of the sample face.

Figure 3.29 Struers LaboPol-21 grinding system
3.4.1.4 Polishing

The next step involved polishing the sample surface to achieve a scratch-free, glossy
appearance. Each sample will therefore require a different amount of polishing time. During
the polishing process, fluids and cloths containing the polishing machine and diamond grains
of varying sizes (6, 1um) were used. To reduce friction, a suspension solution was added
every minute. The purpose of polishing is to create a scratch-free surface for etching. Struers

LaboPol-20 polishing system was used in the polishing process, as shown in Figure 3.30.

Figure 3.30 Struers LaboPol-20 polishing system
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3.4.1.5 Etching

In the laser cladding experiments, bright mild steel, austenitic stainless steel and Stellite 6
materials were used, as a result aqua regia etching liquid was chosen as the etchant. The
samples were etched with an aqua regia (10 ml HNOs + 30ml HCI) solution for 10 seconds
3 times to allow the clad to be etched, followed by an alcohol wash and drying. Etching is
performed in order to generate contrast so that the microstructure is visible and

measurements can be made.

3.4.2 Metallographic techniques
Microstructural and metallographic examinations were conducted using both optical
microscopy and scanning electron microscopy (SEM). The following section introduces the

optical and scanning electron microscope systems.

3.4.2.1 Optical microscopy

The optical microscopy pictures discussed in this dissertation were captured using a Nikon
Eclipse LV100ND system (see in Figure 3.31) which contains five objectives providing
magnifications of 5x, 10x, 20x, 50x and 100x. The recording of optical images was carried
out by a Nikon DS-Ril high-resolution microscopy camera, which was connected to
computer NIS Elements software for viewing, capturing, recording, and storing the
micrographs of the samples electronically. The microstructure of the samples was revealed
using optical microscopy. For optimal resolution of the track microstructures, contrast was
optimized. Analysing images with ImageJ was employed to measure the major geometrical

characteristics of the clad.

Figure 3.31 Nikon LVV100ND optical microscope with Nikon DS-Ril camera
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3.4.2.2 Scanning electron microscopy

A Philips XL30 Scanning Electron Microscope (SEM), working in low and high vacuum
atmosphere with 1KV-30KV and 10X-100,000x magnification. Its maximum resolution
under optimal conditions is 3.5nm. The scanning electron microscope contains an Energy-
Dispersive X-ray Spectroscopy (EDX) device, which has been used to observe the
microstructures, details of the solidification process and microstructural details investigation

and for the study of dilution. The scanning electron microscope is illustrated in Figure 3.32.

Figure 3.32 Philips XL 30 Scanning Electron Microscope
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4 Chapter V. Assessing the quality and productivity of Laser
Cladding and Direct Energy Deposition (DED); Guidelines
for researchers

The main body of this section is reproduced from the paper:

Powell, J., Koti, D., Garmendia, X. and Voisey, K.T., 2023. Assessing the quality and
productivity of laser cladding and direct energy deposition: Guidelines for researchers.
Journal of Laser Applications, 35(1), p.012024, https://doi.org/10.2351/7.0000897

4.1 Abstract

This paper provides guidelines and advice for researchers and engineers in the field of laser
cladding and related Direct Energy Deposition (DED) techniques, to help establish a
standardised approach to quality assessment and productivity metrics. Factors considered
are; deposit geometry, porosity, cracking, dilution, build-up/coverage rate and powder

catchment efficiency.

4.2 Introduction

Although there is a very large body of research work on laser cladding and related Direct
Energy Deposition (DED) techniques, there are no clear guidelines about which quality and
productivity parameters are important to the relevant branches of industry, nor are there any
general rules about what constitutes a high-quality deposit. It is the aim of this paper to
provide such guidelines for researchers in the area.

The great majority of laser Direct Energy Deposition (DED)/cladding research concentrates
on the comparison of individual clad tracks like the one marked ‘A’ on the left hand side of
Figure 4.1 [1-4]. Although such research is interesting and informative, it has minimal
industrial relevance, as the commercial applicability of individual deposited tracks is very
low. It is therefore not obvious whether the geometry of any particular single track is a better
than another. However, the eventual aim of the process is usually the production of surfaces
covered in overlapping tracks (like those labelled Al to An on the right of Figure 4.1 and
presented in cross section in Figure 4.2), which require minimal machining to create a flat
surface (In a limited number of cases a rough, ‘as clad’ surface is required rather than a flat,

machined one).
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Some initial guidelines about what to aim for can be stated which are true for single or

multiple tracks;

e Minimal fluctuations in track height (to minimise post cladding machining and areas
with insufficient clad material).

e No porosity or undercut (undercut can lead to trapped pores between tracks).

e No cracks.

e An acceptable level of substrate-cladding dilution.

e Maximum coverage or build-up rate (for maximum productivity).

e Maximum powder capture (for minimum powder recycling and optimum process

efficiency).

The following sections discuss these points in detail, dividing them into quality and

productivity considerations.

4.3 Quality Considerations
4.3.1 Deposit Geometry

Figure 4.1 outlines a fundamental problem found when trying to produce a flat clad surface
from ostensibly identical overlapping tracks. Before the second track is laid down, the first
track (A) is a solo clad track with a cross section which is approximately a segment of a
circle. Subsequent tracks have a different cross-sectional geometry as they are laid down on
the ‘shoulder’ of the previous track. This means that several tracks need to be laid down
before a repeating cross sectional track geometry is established. The final track of a layer
also has a different geometry because it is not partially remelted by a subsequent track.
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Figure 4.1 Schematic plan views and cross sections of a single clad track and a set of overlapping tracks making a
clad surface.
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Figure 4.2 A macroscopic cross section of a typical clad layer made from overlapping tracks.

Laser clad surfaces usually need to be machined to a flat surface before use and this will
involve the removal of part of the clad deposit. The amount of material which needs to be
removed should be minimised because machining is an expensive process in itself, and the
wasted powder and energy used to create the discarded layer is also costly. Post-cladding
machining is minimised by creating clad surfaces which have a minimum fluctuation in cross

sectional height.

One important consideration when looking at multiple, overlapping tracks is that the
maximum fluctuation in clad height often occurs between tracks rather than along the length
of the individual tracks (see Figure 4.3). For this reason, the maximum height variation of
the surface needs to be measured over a substantial area, or at least in two orthogonal
directions (for several tens of millimetres if possible). Maximum height variation in
roughness is usually given as Rz but roughness measurement devices often give a value for
local Rz, which ignores macroscopic waviness of the sample surface. For this reason, we
suggest that waviness (Wz) is the appropriate roughness metric for clad surfaces and similar
DED products. It should be noted however that in some industrial applications where a rough

surface is preferred, the as-deposited surface is used without post-cladding machining.
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Figure 4.3 A typical example clad layer cross section profile. The biggest variation in clad height is the
macroscopic waviness between tracks rather than along the length of any single track.
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4.3.2 Porosity

Pores in clad tracks are negative features which need to be minimised or avoided altogether.
Pores within the body of the clad layer can be revealed during post-cladding machining and
give rise to an open pored, rough surface rather than the generally required smooth one.
Open pores of this type can also be stress raisers which can have a deleterious effect on the
tensile strength and fatigue life of the clad component [5].

The sources of porosity in laser cladding and DED include; Moisture in the powder or
powder feed gas, a melt pool with too short a lifetime, excessive powder flow or powder
feed gas, and impurities in the cladding material or the substrate. Problems can be reduced

or eliminated by the following control measures [6]:

e Remove scale, rust, paint, grease, oil and moisture from the substrate.

e Eliminate moisture from the powder and gas.

e Keep the cladding pool molten for long enough (eg. by preheating) for gas to escape.

e Minimise the sulphur content of the substrate to prevent generation of hydrogen
sulphide.

e Reduce cladding speed or increase laser power.

The distribution of pores in clad layers may be aligned, clustered, or uniformly scattered [7]
and the present authors recommend a two-part porosity metric which indicates overall
porosity as a percentage of the solidified melt, followed by an average pore diameter. For
both numbers a reduction in their value can be taken as an indication of an improvement in
clad quality. Levels of porosity can be assessed by Radiography, and computer interpretation

of the X ray images is now an established technique [8].

As porosity is never a required feature of a clad track, we recommend that porosity should

be zero in cladding and related DED processes.

4.3.3 Cracks

Cracks can form in laser deposited single tracks or surfaces for all the usual reasons
associated with welding. As clad surfaces tend to be thin compared with the substrate they
are attached to, cladding/DED is susceptible to cold cracking mechanisms associated with
the restraint of cooling weld material [9]. Hot cracking, caused by the presence of low
melting point constituents which fail in tension during solidification, can also be a problem.
Alloys which have a wide solidification temperature range are particularly susceptible to hot
cracking [6].
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The natural tendency to use high process speeds to maximise productivity can increase levels
of cracking. The incidence of cracking can be reduced by; reducing process speeds,
increasing laser power and the use of preheating/post heating. It is also important that the

substrate surface is completely free of contaminants.

The number of cracks in a clad layer can be reduced by changes in process parameters or by
changing the cladding alloy [10]. In some cases this change in alloy can be brought about by
increasing or decreasing the amount of dilution in the clad layer (see next section). Another
option is to add a ‘butter’ layer of an alloy which is compatible with both the substrate and
the outer clad layer. ‘Cracks’ can also be created as sharp interfacial flaws between the
substrate and the deposited layer and this is sometimes associated with poor wetting between

tracks or at the lateral edges of individual tracks [11].

Cracks of any type can compromise the mechanical stability of a clad layer and the present
authors would like to suggest that the presence of cracks is so deleterious to the clad product
that their presence should be eliminated. If cracks are unavoidable in a particular application,
then they should be minimised. It is important to remember that reducing the size of cracks
does not necessarily improve the performance of a product. Several small cracks can be a

worse outcome than a few larger cracks.

Surface cracks can be identified by several non-destructive testing techniques including
Visual inspection, Magnetic Particle inspection and Liquid penetrant inspection [12, 13].
Subsurface and surface defects can be identified by Ultrasonic testing [14], Radiography [8]
and Thermography [15].

4.3.4 Dilution

Dilution is widely used as a measure of quality in laser cladding and is generally understood
to mean how much of the substrate has been melted into the final clad layer. Cladding
materials are expensive and designed to offer high levels of hardness or corrosion resistance
to the surface. Excessive dilution usually diminishes the surface hardness or corrosion
resistance. For this reason low levels of dilution are generally preferred in laser cladding,
though some dilution is unavoidable, as some interfacial mixing of the substrate and clad
material is required to make the welded bond. Target dilution values vary but tend to be in
the range of 3-5% [16]
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However, in some cases high dilution levels might be beneficial to the properties of the clad
layer by lowering hardness, increasing ductility and reducing, or eliminating, cracking and
porosity. Some applications also demand relatively high levels of dilution to ensure a good

substrate-cladding material bond.

For example, the surface properties of Aluminium alloys can be enhanced by laser cladding
with other metals or superalloys. Researchers in the field recommend a dilution of at least
10 percent to create a successful bond in some cases [17, 18]. Laser cladding High Entropy
Alloys (HEA) is another application where high dilution levels can be useful. HEA coatings
with low dilution levels usually have poor formability and this can be improved by

increasing the level of substrate melting [19].

Dilution is usually expressed as a percentage, where, for example, 20% dilution indicates
that the solidified clad melt is made up of a mixture of 80% cladding alloy and 20% substrate

alloy by volume.

However, it should be borne in mind that dilution levels generally give an indication of the
overall percentage of substrate melted into the clad and do not indicate the steep dilution
gradients which may exist within the clad layer. If a sample has, for example, an estimated
10% dilution, then the local dilution level 0.1mm from substrate-clad interface might be 60%
but on the clad outer surface the level might be 2% or lower. At any melt-solid interface such
gradients will be very steep in the transition from clad layer to substrate. Also, samples
created under different processing parameters might exhibit widely different dilution
gradients dependant on the level of stirring forces generated in the melt. Given these
complications it is not surprising that most researchers only present overall dilution levels,

which can be useful in comparing results within a parameter set.

The most common method of estimating overall, or average, dilution used by researchers
[20-25], divides the cross-sectional area of the substrate melt by the area of the whole melt.
This gives us a value we can call Darea:

D yea=(AJ (A +A4]))x 100
Where:

As is the cross-sectional area of the melted substrate,

Ac is the cross-sectional area of the clad layer above the original top surface of the substrate.
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Another common method of estimation [26-30] simply divides the maximum depth of melt
penetration into the substrate by the overall melt depth of the clad layer (see Figure 4.4).

This gives a value we can call DngigHT:

D yriopr=08/(5+ C)) x 100

However, Figure 4.4 demonstrates that, in some cases, DreigHr IS not equivalent to Darea.

Figure 4.4 Two clad tracks with the same DHeigHT but different Darea

In Figure 4.4 the two clad cross sections have the same width, depth, height and therefore
the same DwneicHt. However, the differences in geometry mean that the Darea of the left-
hand track is 18% and that of the right-hand track is 30%.

From this observation it is clear that DreicHT does not give a reliable estimation of overall
dilution levels for single tracks. Differences between DreicHt and Darea Will also exist, but
to a lesser extent, for any clad layer of overlapping tracks, as the clad layer is not rectangular

in cross section.

We therefore recommend that Darea should be used in preference to Dneight. It is also
worthy of note that Darea oOnly gives an average volumetric measurement. In the field of
metallurgy alloy combinations are usually given in weight %. If average wt% results are
required, thenthe D calculation needs to take the relative densities of the substrate and

the cladding feedstock into account.

Detailed chemical dilution analysis is based on measured values created by spectrographic
(e.g. EDX) analysis of the samples [31-34]. EDX and related techniques can give
information about dilution gradients in cases where the average dilution measurement needs

clarification.

137



4.4 Productivity considerations

4.4.1 Coverage, or build-up rate

From the manufacturing engineer’s point of view there is a requirement to minimise costs.
The costs of laser cladding and related DED processes include the expenditure on;
electricity, staff, overheads and raw materials (powder etc). An increase in productivity is
usually associated with a reduction in the time spent creating a product and thus a reduction
in some, or all of these costs. Researchers are usually primarily concerned with analysing
the process itself, often comparing KPI’s between several process parameters. Industrial

users are interested in quality and productivity, wishing to optimise both.

Coverage rate, or build up rate, is a measure of productivity which describes how quickly
the required clad surface is created. Obviously, this is heavily dependent on the required
thickness of the finished, machined, clad layer. Coverage rate might therefore be measured

in several ways;

a) Area of substrate covered per unit time (mm2/min)
b) Volume of clad layer per unit time (mm3/min)

c) Mass of clad layer applied per unit time (g/min)

An increase in any of these would imply an increase in productivity, but a rapidly applied
rough surface (high Wz) might have a lower coverage rate than a slowly applied smoother
one, as the extra post-cladding machining required would reduce the thickness of the final

clad layer.

Researchers are often interested in improving industrial performance so the present authors
suggest that any comparative measure of cladding processes should take into account the

thickness of the final, machined surface.

As researchers generally do not know the required thickness of the clad layer, they cannot
state that, for example, sample A, a 0.2mm thick layer laid at 20mm3/s is a better or worse
result than sample B, a 0.4mm layer also laid at 10mm3/s. However, a distinction between
the two is important and would not be supplied by a mass or volume per unit time metric.
The present authors therefore suggest that the area covered is not multiplied by the clad
thickness in any such measurement of coverage rate. From an industrial point of view the
two figures (area/time and thickness) are more usefully presented as a compound metric as

follows;
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Coverage rates;

e Sample A. 50mm2/s x 0.2mm
e Sample B. 25mm2/s x 0.4mm

With the thicknesses being the final, machined flat thickness (i.e.. maximum clad height

minus surface waviness).

4.4.2 Powder Catchment Efficiency

Although some laser cladding and DED processes use wire as a feedstock, the majority use
powder. The powder used in these processes generally has a carefully controlled chemistry
and specific physical properties (spherical particles with a certain size distribution) and is
therefore expensive. The powder catchment efficiency of the process is simply the
percentage of the powder fed into the cladding zone which becomes part of the cladding (in
this case we are talking about the pre-machined clad). Powder catchment efficiency is an
important metric for the laser cladding industry as it has a direct influence on the cost of the

process. It is therefore surprising that it is only rarely mentioned in research papers.

For technical investigations the powder catchment efficiency (Epc) can be calculated using
cross sections of the clad layer and knowledge of the process parameters as follows;

E (%) =((T,oxvxp)lF,)x100

Where,

Epc = powder catchment efficiency (%)

Tarea = Cross sectional area of the track above the original line of the substrate surface
(mm?)

v = Process speed (mm/min)

p = Density of cladding material (g/mm?®)

Fp = Powder feed rate (g/min)

Work by the present authors has analysed the powder catchment efficiency achieved in a
large number of published experimental papers and the results are presented in Figure 4.5
[35-78]. In some publications the powder catchment values were explicitly noted by the
authors but in many cases the catchment efficiency had to be calculated from the given
process parameters and cross section images. The x axis numbers on this figure refer to the

reference numbers of the papers listed at the end of this paper.
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Figure 4.5 The powder catchment efficiency results calculated from published experimental results
It is clear from Figure 4.5 that the range of results of Epc is very large — from below 10% to
above 90%. Bearing in mind the cost of these powders it is obviously important to maximise
this value wherever possible. It is also worth noting that the process usually depends on the
flow characteristics of the powder, and this can be badly affected by contaminants or powder
particles which have been fused together. This greatly restricts the re-use of powders which

were not incorporated into the clad.

It is the view of the present authors that Epc should become an important, basic metric of
any cladding/DED research or industrial work and values below 50% should trigger concern

about the industrial viability of the specific application in question.
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4.5

Conclusions

The present authors suggest the following guidelines for laser cladding and related DED

Processes;

45.1 Quality Guidelines

Research into individual clad tracks is of minimal industrial relevance.

Fluctuations in clad surface height should be as small as possible to minimise post
cladding machining and areas with insufficient clad material. Height fluctuations

should be measured in two orthogonal directions to find the waviness (Rw).
Porosity should be minimised and, if possible, eliminated.
Cracks should be eliminated (small cracks are generally no better than large cracks).
Measure average dilution by the area method.

Average dilution should usually be in the target range 3-5% but there are case-specific

exceptions.

4.5.2 Productivity guidelines

141

Production time should be minimised within the constraints of adequate quality.

Coverage or build-up rate should be maximised within the constraints of required

clad thickness.

Coverage rates should be given as a compound metric of the form X mm?/unit time

XY mm (thickness)

Powder capture efficiency (Epc) should be maximised and should be a major

metric for industrial process validity.
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5 Chapter V. Improving laser cladding productivity with ‘ABA’
cladding.

The main body of this section is reproduced from the paper:

Koti, D., Powell, J. and Voisey, K.T., 2022. Improving laser cladding productivity with
‘ABA’cladding. Procedia CIRP, 111, pp-205-209,
https://doi.org/10.1016/j.procir.2022.08.048

5.1 Abstract

Laser Cladding is one of several processes within Additive Manufacturing and usually
involves the production of a clad surface by adding parallel, overlapping lines of clad
material to the surface of a substrate. In this work a new laser cladding technique (‘ABA’
cladding) is investigated wherein a series of separate, or only slightly overlapping clad tracks
are laid down initially (the ‘A’ tracks), and these are later interleaved with tracks which can
use different parameters (the ‘B’ tracks). The influence of the process parameters was
examined in the laser cladding of AISI 316L stainless steel and Stellite 6 powders using a
coaxial powder delivery nozzle. ‘ABA’ cladding was found to have considerable benefits
over traditional laser cladding including: Improved powder catchment efficiency and
coverage rates, more predictable metallurgy and dilution levels, and the ability to clad

combinations of different alloys on the substrate surface.

5.2 Introduction

Laser cladding dates back to the 1970s [1,2] and involves the melting of a cladding alloy
onto a metal substrate using pre-placed [3,4] or blown [3,5-7] powder which is laser melted
to create a clad track. Traditionally, successive tracks are overlapped side by side to create a

clad surface like the one shown in cross-section in Figure 5.1. This process has been used to

coat a range of metals with expensive wear, abrasion or corrosion-resistant alloys.

Figure 5.1 A cross-section of a typical ‘AAA’ clad surface is created by laying down parallel, overlapping tracks.
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Laser cladding is also a cornerstone of many Additive Manufacturing (AM) production
processes, the term "laser cladding” refers to the process of directed energy deposition, a
method of additive manufacturing in which focused thermal energy is used to fuse materials
by melting as they are being deposited (ISO/ASTM 52900).

For the purposes of this paper, the traditional cladding process could be called ‘AAA’
cladding because the clad tracks are ostensibly identical. However, this similarity only
becomes apparent once a few tracks have been laid down. In the early stages of the process,
the previous tracks affect the shape of subsequent ones in various ways. This point is rarely
discussed in the literature [8] but is clear in the cross-sections of clad layers presented by
most researchers in the field [9 - 13]. This point is apparent when comparing the cross-
sectional morphology of tracks 1, 2 and 3 on the left of Figure 5.1, and is illustrated
schematically in Figure 5.2. In this area, there can be large differences in local clad track
height, cross-section and metallurgy. For example, because it is the only track laid upon a
flat surface, track 1 will have a different melt pool geometry which will affect powder
capture and the level of dilution of the cladding alloy with the substrate compared to
subsequent tracks.

A, A, Ay
A Ay lA31 Ay f

<

Cladding direction

R Y
~» CN

Figure 5.2 Schematic showing how ‘AAA’ cladding builds up a surface by adding subsequent tracks to an initial A
track.
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In general, several tracks need to be laid down before a repeating cross-section is created
and the final track also has a unique morphology because it does not undergo secondary
melting by the partial overlay of a subsequent melted track. In the illustration in Figure 5.2
a repeating pattern of cladding is not established until track A4. Tracks A4 to A9 are identical
and A10 is the final track.

These start and finish anomalies are one of the drawbacks of ‘AAA’ cladding because they
give rise to local perturbations in clad surface morphology, dilution and heat-affected zones
[8-12].

A more major commercial consideration, however, is the powder catchment efficiency of
the process. The metal powder which is propelled towards the melt pool interacts with the
shoulder of the previous track (see Figure 5.2). The pool is inclined in one direction and

there are a considerable number of escape routes for the ricocheting powder particles.

Powder catchment efficiencies noted in the technical literature cover a large range but are
frequently substantially below 50% [14-19].

In order to establish a more controllable and efficient process, this paper investigates the
concept of laying down more widely spaced clad tracks using one set of parameters (‘A’
tracks), and then filling in the gaps between these tracks with ones made with a different set
of parameters (the ‘B’ tracks). In this way, all ‘A’ tracks will be identical in shape and

dilution etc. and the same will be true of all ‘B’ tracks.

This work investigates the possible advantages of ‘ABA’ laser cladding compared to
traditional ‘AAA’ cladding. In particular the work compares the performance of the two

techniques as regards powder catchment efficiency and deposition/coverage rates.

Also, the possibility of cladding dissimilar metals as the ‘A’ and ‘B’ tracks is investigated.

5.3 Experimental methods

Laser cladding was performed using an IPG Ytterbium-doped, continuous-wave fibre laser
with a maximum peak power of 2 kW operating with a coaxial nozzle powder feeder. In
most of the experiments, the powder was AISI 316L stainless steel and the substrate was
AISI 1023 bright drawn mild steel. Additional experiments were carried out which utilized

Stellite 6 for the ‘B’ tracks. The powder feed rate was 25g/min in all cases.
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The powder catchment efficiency was calculated by comparing this feed rate with the

number of grams per minute deposited, see equation below.

E (%) =((T,oxvxp)lF,)x100

Where,

Epc = powder catchment efficiency (%)

Tarea = Cross sectional area of the track above the original line of the substrate surface
(mm?)

v = Process speed (mm/min)

p = Density of cladding material (g/mm?q)

Fp = Powder feed rate (g/min)

The process speed (i.e. the movement speed of the CNC table) was varied from a value of
1.0m m/min to 3.2 m/min. Samples were created with a variety of inter-track spacings. Clad

samples were sectioned, polished, and etched in aqua regia.

Figure 5.3 shows a simplified diagram of an ‘ABA’ sample which gives details of how the
samples were created and subsequently sectioned. The actual samples involved 8 similar,
parallel ‘A’ tracks interspersed with 7 ‘B’ tracks made in the same direction. Tracks were
completed with different A-B lateral spacings. In the interests of brevity, only a selection of

results is presented here.

X1 X1 Inter-‘A’ track X section at X1
4 Al |A] |A R distance’
B P I e - .
B B
X2 X2
Yokt X section at X2

Figure 5.3 ABA clad sample design
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5.4 Results and discussion

5.4.1 Improvements in powder catchment efficiency
Figure 5.4 shows the powder catchment efficiency for a sequence of tracks which made up
‘AAA’ cladding with the following parameters;

e Laser Power: 1800W
e Cladding speed: 1.0 m/min
e Powder feed rate: 25g/min

e Inter-track spacing:1.5mm

It is clear that, for ‘AAA’ cladding, the initial ‘A’ track has a higher powder catchment
efficiency (57%) than any of the subsequent tracks. The second track has an efficiency of
only 35% and, after the first four tracks, the process becomes stable, with an average powder
catchment efficiency of 45% (11.3g/min). This figure is considerably below the powder
catchment efficiencies measured for ‘ABA’ cladding using similar parameters for the ‘A’

tracks.

25 — — — : 100

20—7373 e B0

Powder catchment (g/min)
|
L
=
L 3
n
Powder catchment efficiency (%)

—
01 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Track number

Figure 5.4 Powder catchment efficiency for ‘AAA’ cladding. The efficiency was calculated from the cross-sectional
area of each track as compared to the expected cross-section if 25g/min of powder was melted.
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For ‘ABA’ cladding, there is no need to establish a build-up to a stable track geometry
because all the ‘A’ tracks have the same melt pool geometry. This is also true of the ‘B’
tracks although in almost all cases of ‘ABA’ cladding it was found that the powder catchment

efficiency when laying down the ‘B’ tracks was much higher than it was for the ‘A’ tracks.

‘ABA’ cladding presents the incoming powder cloud with a very effective powder
catchment geometry for the ‘B’ tracks as the melt pool is effectively held in a valley between

two previously deposited ‘A’ tracks, see Figure 5.5 and Figure 5.6.

B B
A al al a

()

Cladding direction

<

LTI

Figure 5.5 A schematic of ABA cladding demonstrating the absence of start/finish anomalies and the pool
geometry which results in improved powder capture.

Powder deflected away ~ Powder deflected away ~ Powder deflected into
from the melt pool from from the melt pool from from the melt pool

all directions sideways

Figure 5.6 In the case of A and AAA cladding a considerable proportion of the powder can be deflected away from
the melt pool. In the case of ABA cladding more powder is deflected into the melt pool.
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The improved powder catchment of the ‘B’ tracks of ‘ABA’ cladding means that ‘B’ tracks
will have a greater cross-section than ‘A’ tracks if the same process parameters are used for
both types of track. This can result in an uneven, ridged, clad surface, as shown in Figure
5.8a. An optimized cladding process should result in a level clad surface which minimizes
any post-processing costs. In order to level out the surface, the cladding speed for the ‘B’
tracks was increased. This strategy also increases the coverage rate of the overall cladding

process.

Figure 5.7 presents powder catchment efficiency results for ‘ABA’ cladding produced with

increasing ‘B’ track speeds at the following parameters:

e Laser Power: 1800W

e C(Cladding speed (‘A’ tracks): 1.0 m/min

e Cladding speed (‘B’ tracks): 1.0 — 2.0 m/min
e Powder feed rate: 25g/min

e Inter-track spacing: 2.1mm and 3mm

35 140
m  "B"clads, 2.1 mm Inter-‘A’ track distance

30 - o "B"clads, 3 mm Inter-‘A’ track distance | 4120
*  AAA

254 —4100

20

Powder catchment (g/min)
Powder catchment efficiency (%)

T T T T T T T T T N T T T ' T
800 1000 1200 1400 1600 1800 2000 2200
B track cladding speed (mm/min)

Figure 5.7 Powder catchment efficiency for the ‘B’ tracks of ‘ABA’ cladding at various cladding speeds (powder
feed rate is 25g/min in all cases).
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The 1.0 m/min results in Figure 5.7 include the catchment efficiency for the eight ‘A’ tracks
laid down before the ‘B’ tracks were added at a range of cladding speeds. This value (57%)
is the same as for the first track of the ‘AAA’ sample discussed in Figure 5.6, as these ‘A’
tracks were laid down with the same parameters. The rest of the data in Figure 5.7 give
details of the powder catchment efficiency of the ‘B’ track weld pools at different processing
speeds for two inter-track distances. The powder catchment enhancement for ‘ABA’
cladding is clear in these results. For an ‘A’ track inter-track spacing of 2.1mm the average
powder catchment efficiency for the ‘B’ tracks over this range of cladding speeds was 70%,
with a range from 67% to 75%. For a larger ‘A’ track inter-track spacing of 3mm, the average
powder catchment efficiency for the ‘B’ tracks was 85% over a range from 77% to 89%.

As the ‘B’ track maximum average, in this case, was 85% and the ‘A’ track average was
57% this gives an average powder catchment efficiency for the process of 71%. This figure
IS a substantial improvement on the average value of AAA cladding of 45% (see Figure 5.6.).

Figure 5.6 and Figure 5.7 support the idea that, within limits, a broadening of the separation

between the ‘A’ tracks will result in better powder capture.

5.4.2 Improvements in coverage rate

As Figure 5.8 demonstrates, an improved, flat clad surface was achieved in this case when
the cladding speed of the ‘B’ tracks was double that of the ‘A’ tracks. This increase in speed
for half of the tracks involved obviously improves the coverage rate. It is difficult to produce
precisely similar clad surfaces from both techniques so direct comparison is not possible but,
taking Figure 5.6 and Figure 5.7 as an example, the average powder catchment efficiency of
the ‘ABA’ technique (with ‘A’ track separation of 3mm) is approximately one and a half
times that of the ‘AAA’ method and a similar increase in general cladding productivity could
also be expected in this case. It is worth noting that the ‘ABA’ technique is applicable to

spiral cladding of rods and tubes as well as other surface geometries.
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b)

Figure 5.8 ABA cladding with a) ‘A’ and ‘B’ tracks clad with the same parameters, b) ‘A’ tracks at Im/min, ‘B’
tracks at 2m/min.

Productivity might also be improved by the point that, because of the nature of the process,
‘ABA’ cladding could involve wider spacing between the tracks compared to ‘AAA’
cladding. This means that fewer tracks could be needed to cover a particular surface area.

One further point in favour of ‘ABA’ cladding is that improved powder catchment reduces

the need for powder recycling and minimizes the wastage of expensive alloy powders.

5.4.3 ABA cladding with different materials

In the early days of laser hardening, it was quickly realized that a continuous, hard surface
was not always the most cost-effective way to use the technology. Individual stripes of the
hardened zone were much faster (and cheaper) to produce and any softened (annealed) areas
to each side of the hardened areas can wear away to provide conduits for lubricants [20,21].
The hardened stripes then locate the movement of the parts and minimize general wear. The
same principle can be applied to ‘ABA’ cladding. Figure 5.9 presents cross-sections of
‘ABA’ clad surfaces where the ‘A’ tracks are 316 stainless steel and the ‘B’ tracks are Stellite

6.
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Figure 5.9 ABA cladding with different materials. In this case, the ‘A’ tracks were 316 stainless steel, the ‘B’

tracks were Stellite 6.

This technique could be used to save costs on expensive superalloys or to allow incompatible

clad/substrate combinations to be clad where an intermediate layer of ‘A’ material separates

tracks of ‘B’ material from the substrate.

5.5 Conclusions
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‘ABA’ cladding offers new opportunities to the cladding process as regards powder
usage, coverage rates and cladding of different combinations of materials.

In the case presented here powder catchment efficiencies were increased from an
average of approximately 45% to 71%.

Coverage rates in the above work were substantially improved using ABA cladding.
Speeds of coverage were increased to 150% of their AAA cladding equivalent,
although it is difficult to quantify the different clad surfaces generated.

Different metals can be clad as an ABA sandwich. In this case, Stellite 6 ‘B’ tracks
were interspersed between 316 stainless steel ‘A’ tracks. This technique may have
technical and commercial advantages which have yet to be explored.

A further advantage of ABA cladding over the standard AAA technique is that there
IS no initiation phase to the process before repeatable tracks are laid down. This
means that track morphology, dilution and local metallurgy will be more predictable

and evenly distributed over the clad layer.
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6 Chapter VI. Powder catchment efficiency in laser cladding
(Direct Energy Deposition). An investigation into standard
laser cladding and the ABA cladding technique

The main body of this section is reproduced from the paper:

Koti, D., Powell, J., Naesstroem, H. and Voisey, K.T., 2023. Powder catchment efficiency
in laser cladding (directed energy deposition). An investigation into standard laser cladding
and the ABA cladding technique. Journal of Laser Applications, 35(1), p.012025,
https://doi.org/10.2351/7.0000904

6.1 Abstract

This paper investigates the efficiency of powder catchment in blown powder laser cladding
(a Directed Energy Deposition technique). A comparison is made between standard ‘track
by overlapping track' cladding (‘AAA’ cladding) and ‘ABA’ cladding where the gaps left
between an initial set of widely spaced tracks (‘A’ tracks), are filled in by subsequent ‘B’
tracks. In both these techniques the melt pool surface is the collection area for the cladding
powder and the shape of this pool can be affected by several parameters including cladding
speed, inter-track spacing and type of cladding technique. The results presented here are
derived from of an analysis of high-speed videos taken during processing, and cross sections
of the resultant clad tracks. The results show that the first track in AAA cladding has a
different melt pool shape to subsequent tracks, and that the asymmetry of the subsequent
track melt pools results in a reduction in powder catchment efficiency. In contrast to this,
the geometry of the ‘B’ track melt pools between their adjacent ‘A’ tracks results in an

enhanced powder catchment efficiency.

6.2 Introduction

Investigations into laser cladding (a Directed Energy Deposition [DED] technique) began in
the late 1970s and early 1980s [1-3] and the process has grown to achieve industrial status,
particularly with the development of additive manufacturing. Nowadays the process
commonly utilizes a processing head which supplies a stream of the cladding powder alloy
coaxially with a defocused laser beam [4]. One of the aims of the process is to melt all of the
powder which arrives at the laser-material interaction area into the clad track.
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Unfortunately, complete capture of all the incoming powder is not generally possible and a
certain percentage of powder escapes the process, often by deflection off the solid material

beyond the edges of the melt pool or the surface of the melt pool itself [5].

The powder catchment efficiency of the process has a strong influence on costs and is thus
of prime importance to industrial users. This efficiency is simply the percentage of powder

provided to the process which becomes part of the laser melted clad layer.

For technical investigations the powder catchment efficiency (Epc) of any individual clad
track can be calculated using cross sections of the clad layer and knowledge of the process

parameters as follows;

E, (%) =((T,.xvxp)lF,)x100

Where,

Epc = powder catchment efficiency (%)

Tarea = Cross sectional area of the track above the original line of the substrate surface
(mm?)

v = Process speed (mm/min)

p = Density of cladding material (g/mm?q)

Fp = Powder feed rate (g/min)

Table 6.1 presents a small, but typical, sample of the results of a survey of investigations
into DED laser cladding over a wide range of process parameters and different laser types,
which reveals that the Epc can often be well below 50%. This is clearly a problem as the
powder is expensive and unused powder cannot generally be recycled into the cladding
process, which depends upon high levels of powder uniformity.

163



Table 6.1 Powder catchment efficiencies calculated from published results in the literature.

Laser Powder Process Beam Powder
Papers Substrate Powder power feed rate speed diameter  catch. Eff

(kW) (g/min) (m/min) (mm) (%)
[6] Zr alloy Zr 0.8 8.8 0.245 1.4 9.09
[7] AISI 1050 AISI 316L 0.8-1 8.16-16.26  0.288-0.48 2.2 12-16
[8] AISI 316L AISI 316L 0.525-0.7 6-13 1.32-2.52 1.2 20-32
[9] Inconel 625 Inconel 625 1-1.5 4.55-7.6 0.3-0.8 2 28-40
[10] Inconel 718 Inconel 718 0.35-0.55 1.2 0.6 1 28-45
[11] S235JRC+C 1.4313 1.2 14-16 0.8-1 2 34-42
[12] AISI 316L Inconel 625 3.2 50.91 24.96 5 42.16
[13] A45 Ni60 3.2 50.91 24.96 2 43.14
[14] SS304 Eutroloy 16012 1 9 0.3 3 49.88
[15] Q235 Fe-based alloy 1.1 8.5 0.3 4 55.8
[16] A36 Fe-based 3-45 40-60 0.18-0.42 3.38 51-68
[17] Inconel 625 Inconel 625 2.5 19 0.636 4 60.77
[18] S235JR Inconel 625 15 295 0.75 5 77
[19] Tigl1 Ni60 0.9 5 0.5 3 78.61
[20] CuBe alloy AISI H13 3.6 3.2 18.2 3 79.63
[21] S235JR Inconel 625 15 273 1 5 79.98
[22] AISI 304 AISI 316L 1.5-2 8.5-17 0.3-0.6 3 80
[23] AISI 420 Stellite 6 0.72 22 3 2 80.11
[24] SNCrwW EuTroLoy 16006 4 20 0.24 2 80.34
[25] AISI 1045 Inconel 625 3.131 40 1.545 2 82.2
[26] SNCrwW EuTroLoy 16006 4 20 0.24 2 86.25
[27] Mild steel Hastelloy C 2.4 28 14 4 86.78
[28] Inconel 718 Inconel 718 2.9 45 15 4 92.04

Standard laser cladding involves laying down an initial track on the substrate surface (an ‘A’
track - see fig 1a) and many research investigations simply compare single tracks of this type
laid down under different processing conditions (in this paper we will refer to this type of
deposit as a ‘solo ‘A’ track’). In industrial practice however, single tracks of this type have
very limited application as it is much more common to overlap track one with track two,
then track three etc. until the required clad surface is achieved, as shown in Figure 6.1b (For
obvious reasons we can refer to this technique as ‘AAA cladding’). Recent work by the
authors [29] has shown that there are Epc benefits to be gained if a new laser cladding

technique, which we have called ‘ABA laser cladding’, is employed.
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In ABA cladding the coverage strategy is to lay down a sequence of widely separated,

identical tracks (the ‘A’ tracks), and then fill the gaps between them with ‘B’ tracks (see

figure 1c).
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Figure 6.1 a) A solo, or initial, ‘A’ track, b) In standard (AAA) laser cladding the clad surface is made up of
overlapping ‘identical’ tracks (although a few, early tracks differ from later tracks), c) in ABA cladding a set of
widely spaced identical ‘A’ tracks are laid down first and then the gaps between them are filled with ‘B’ tracks

Early work on ABA cladding [29] has revealed that several benefits can arise from utilizing
the technique, including; improved powder catchment efficiency (Eyc), the avoidance of a
‘start up zone’ for the process (see Figure 6.1b) and the fact that different alloys could be
used for the ‘A’ and ‘B’ tracks. The improvement in Epc (See Figure 6.2) results in less

powder wastage and increased coverage rates for the process, and therefore reduced costs.

\\\‘ v ‘\\.:;’ /

\%M/ \

A cladding AAA cladding ABA cladding

Figure 6.2 . In AAA cladding a considerable percentage of the powder can be deflected away from the melt pool.
ABA cladding geometry is more favourable to powder capture.
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The Epc of the laser cladding process is fundamentally governed by how much powder enters
the cladding melt pool, which is, in turn, influenced by the size and shape of the melt pool
surface. The size and shape of the melt pool surface can be affected by laser power, cladding
speed, powder feed rate etc. In this work we investigate, for a single clad layer, the influence
of cladding technique (AAA or ABA), inter-track spacing and cladding speed on melt pool
surface geometry and the effect of that geometry on Ej..

6.3 Experimental details

6.3.1 Cladding parameters

Laser cladding measurements were conducted with a 15 kW IPG Ytterbium-doped, cw fibre
laser, (1070 nm wavelength, 150 mm collimating lens and Kugler mirror optics (Kugler
LK390F) with a 250mm focussing mirror). The laser system used a fibre with a diameter of
100 pm, coupled to a fibre with a diameter of 400 um. The laser power used during the
experiments was 3 kW. The beam was defocused into a circular spot measuring
approximately 4 mm in diameter with a Gaussian energy distribution and a stand-off distance

of 13mm.

A coaxial COAX 14V5 (Fraunhofer IWS) 8mm diameter continuous nozzle (also known as
a ring-slit nozzle) was employed. The carrier gas and the powder were fed through the ring-
shaped slit, and the laser beam and shielding gas passed through the central nozzle. This
produced a focussed powder feeding stream with a diameter of approximately 4 mm at the
melt pool surface. Argon was used for shielding and as the carrier gas. 316L stainless steel
powder with a size range from 50 to 150 microns diameter was fed from a gravity-based
powder feeder. The carrier gas flow was 8 I/min and shielding gas flow was 15 I/min. The
powder feeder was calibrated, and the feed rate was set at 26 g/min throughout the
experiment. This feed rate was checked experimentally twice by collecting the powder in a
specially designed container over a five-minute period, with a standard deviation on 26g/min
of 0.8. The laser cladding was carried out on a 3-axis ISEL FlatCOM L150 CNC system
with the substrate plates (5 mm thick 304S15 stainless steel) clamped to a linear motion
table. Both the laser head and the powder feeder nozzle were attached to the z-axis and

remained fixed.

Tracks were created using both the AAA and ABA techniques with a range of inter-track
(centre to centre, see figure 1) spacings of between 2mm and 4 mm. The tracks comparing
‘AAA’ and ‘ABA’ clads were carried out at 700 mm/min.
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For further investigation into ABA cladding, the process speed was varied between 700
mm/min and 1500 mm/min. A series of solo ‘A’ tracks were also made over this range to
investigate pool shape changes as a function of process speed. The clad samples were

sectioned, polished, and etched in aqua regia.

6.3.2 High speed imaging

The process was recorded using a high-speed imaging (HSI) camera at 8000 frames per
second. Illumination was provided by a continuous wave diode illumination laser with a
wavelength of 808 nm. A narrow bandwidth filter matching the wavelength of the
illumination laser was used to block out the process light. The process setup is illustrated in
Figure 6.3. The camera was inclined at 11° from the horizontal. High speed imaging videos
were played back at low frame rates to observe powder catchment behaviour and melt pool

geometry.

Cladding direction

—

Coaxial powder
feeding nozzle

’ — |llumination laser

s _High speed
Powder grains — N L imaging camera

Laser beam

pa
/ /
Substrate Melt pool

Figure 6.3 High speed imaging experimental setup
Figure 6.4 shows how the plan view maps of the melt pools were extracted from the video
data (in this example for a solo ‘A’ track). The maximum width of the melt pool can be
measured directly from the video, but its length L needs to be calculated using equation

below (refer to Figure 6.4).

L=(D-(H xXcos(8)))/sin(80)

167



J——A. meitpool shape]

y coordinate (mm)

2 1,9 12/314 586 7 8

b) c) d)

Figure 6.4 a. A schematic of the video capture geometry. b. A typical single frame from the video (‘A’ track). c. A
typical ‘A’ track cross section. d. A typical calculated melt pool geometry (plan view ‘A’ track)

Once L and the maximum width are known, then the overall shape of the pool perimeter can
be taken from the video data and the plan (top) view of the melt pool mapped. The plan view
was preferred to the view perpendicular to the melt surface because the powder can be

assumed to be falling vertically downwards.

6.4 Results and Discussion

6.4.1 Differences in melt pool shape between A, AAA and ABA cladding techniques.
Figure 6.5 provides interesting information about the differences in melt pool shape as a
function of cladding technique. The information labelled ‘A’ refers to; solo ‘A’ tracks, any
of the ‘A’ tracks in ABA cladding, and also to the initial track in AAA cladding. These ‘A’
tracks are laid down upon the flat substrate surface and therefore have the simplest melt pool
geometry (see Figure 6.1). The information labelled ‘AAA’ refers to any one of the tracks
which follow the initial track in AAA cladding. In this experiment we measured and made a
high-speed video of track Az (see Figure 6.1). The information labelled ‘ABA’ refers only
to the ‘B’ tracks in ABA cladding.
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The cladding process speeds and inter-track distances (see Figure 6.1) for the tracks

compared here are given in the figure.

Meltpool area: ] —A, 0.7 m/min

A: 27.35 mm’® s O+ ==—=AAA, 0.7 m/min, 2 mm
AAA: 27.94 mm® || ] ABA, 1 m/min, 2 mm
ABA: 29.13 mm? Laser beam

Powder catch.:
A: 76%

AAA: 61%
ABA: 99%

y coordinate (mm)

x coordinate (mm)

Figure 6.5 Melt pool shapes (plan, or top view i.e. mapped in the plane parallel to the substrate surface) for
different laser cladding interaction types. In these maps the part of the melt pool at the bottom of the figure is the
front, or leading edge, of the melt pool. (i.e.. The melt pool is portrayed as moving downwards along the y axis in
this figure). The laser beam (shown as a dotted circle) is centred on the x,y 0,0 point. The information on the top

right gives details of the process speed and inter-track separation distance.
The melt pool associated with single clad tracks produced on a flat surface (the ‘A’ tracks)
is, as we would expect, symmetric about the central axis in the direction of cladding. It is
also broadest near the front, in the vicinity of the laser beam, and tapers off behind the laser
beam as the melt pool solidifies from the outside edges towards the middle. This melt pool
shape is the one created in all the A tracks laid down in ABA cladding and the initial track

in AAA cladding.

The melt pool associated with the tracks which follow this initial track in AAA cladding
(labelled “‘AAA’ in Figure 6.5) has a completely different shape to the initial A track pool.
At the leading edge, on the side of the pool which is on the flat substrate surface (the bottom
right-hand side in the figure), the melt pool shape is similar to (but slightly wider than) the
single A track pool. On the left-hand side of the leading edge however, the melt front is
initiated a few millimetres later in the laser — material interaction. This is because, on this
side, the melt is being generated on the ‘shoulder’ of the previous track. The geometry of
this shoulder means that the intensity of the incident beam is reduced in this area because it
is incident on a sloping, curved surface (see Figure 6.6b) and, because of this, the melting

takes more time to initiate.
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Figure 6.6 Laser energy intensity is dependent on angle of incidence on the ‘shoulder’ of the previous track. a. The
videoed track was the third from the left in this cross section (i.e. A3 in Figure 6.1.b). b. The slope of the ‘shoulder’
of the previous track (A2 in Figure 6.1.b). c. The relative beam intensity in the laser-material interaction area
(proportional to the cosine of the angle of incidence, 0). d. A frame taken from the High-Speed Imaging video. e.
The plan view of the perimeter of the melt pool calculated from the video.

170



Figure 6.6 demonstrates how the relative beam intensity varies as a function of the slope of
the previous track, but the situation has been simplified to assume a square cross section
laser beam with a top hat mode. In reality, the beam has a Gaussian energy distribution and
a circular cross section. Both of these points mean that the reduction of energy absorbed by
the sloping surface will be accentuated. A full model of the situation would also have to take
into account the temperature of the substrate (as absorptivity can be temperature dependant).
To add to the complication of such a model, the absorption coefficient of the laser beam is
also dependent on angle of incidence, although this will tend to reduce rather than accentuate
the trend shown in Figure 6.6. This reduction will, however, be a minor influence, and figure
6 gives a rough approximation of the laser intensity trend involved with absorption onto the

curved surface of a previous clad track.

The ‘ABA’ melt pool shape given in Figure 6.7 is the shape of the ‘B’ track melt pools only
(the ‘A’ melt pools in ‘ABA’ cladding would all be similar to the initial ‘A’ track of ‘AAA’
cladding discussed above). In this case the melt front also begins later than for an ‘A’ track,
but this effect happens on both sides of the leading edge of the melt because the melt is being
generated between two previously laid ‘A’ tracks (see Figure 6.1 and Figure 6.2). There
being two ‘shoulders’ involved means that the relative intensity reduction discussed above

happens on both sides of the melt pool, see Figure 6.7.
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Figure 6.7The results for ‘B’ tracks in ABA cladding. a. The cross section of the ABA clad layer, b. The cross
sectional geometry of the two adjacent ‘A’ tracks, c. The relative beam intensity reduction as a result of the ‘A’
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6.4.2 Powder catchment efficiency as a function of cladding technique
Figure 6.5 raises points which concern the total area of the melt pool surfaces and the powder

catchment efficiency for each type of cladding technique.

In the case shown in figure 5 for the AAA cladding, the tracks created after the first one has
a similar melt pool surface area to the initial track (27.94 mm? compared with 27.35 mm?
for the initial track). However, the powder catchment efficiency of the initial track is higher
than for these subsequent melt pools (76% for the initial track, 67% for subsequent tracks in
this case). The inferior powder catchment efficiency of the subsequent tracks is probably
related to three effects;

a) The delayed melt front on the ‘shoulder’ side of the melt means that incoming
powder would be impinging on more unmelted material and would ricochet away
from the interaction zone off the solid shoulder of the previous track,

b) The steeper, 3D sloping nature of the melt makes it less effective for powder
catchment than the more straight-forward 2D slope of the melt for initial track (fig 1)
I.e.. a more inclined melt surface could deflect incoming particles more effectively.

¢) The incoming gas flow and any entrained particles would be deflected only forwards
off the 2D sloping melt of the initial track, where they might be reabsorbed by the
moving melt. However, for subsequent tracks, the gas and any entrained particles
would be deflected forwards and sideways, out of the laser-material interaction zone
by the 3D slope of the melt surface.

It should be noted that the ‘B’ track described in Figure 6.6 was carried out at 1.0 m/min
whereas the ‘A’ tracks for both ‘A’ and AAA cladding were carried out at the lower speed
of 0.7 m/min. It is therefore very interesting that the melt pool size was slightly larger for
this track than it was for ‘A’ or AAA tracks (29.13 mm?), and the powder catchment
efficiency was substantially increased to 99% (see Figure 6.5). This is the catchment
efficiency for the ‘B’ tracks using these parameters, the overall catchment efficiency for the
ABA process in this case would be the average of both the ‘B’ track (99%) and the ‘A’ track
(76%) i.e. 87.5%. The overall catchment efficiency for AAA cladding would, however, be
close to the value for tracks subsequent to the initial track, because there are usually a large
number of them attached to a single initial track. The overall catchment efficiency for the
AAA sample under discussion would therefore be only slightly over 67%.
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Pre-heating from the deposition of the adjacent pair of ‘A’ tracks and/or internal reflection
of the edges of the laser beam towards the melt explains why the melt pool is larger for the
‘B’ tracks. The increased powder catchment efficiency is explained in Figure 6.2, as the
result of improved powder capture, because the incoming powder stream rebounds off the
‘shoulders’ of the previous tracks into the ‘valley’ containing the melt pool [28]. Thus the
favoured direction for rebounding particles in ABA cladding is back into the melt pool,
whereas in AAA cladding the particles which rebound tend to leave the laser-material

interaction zone.

6.4.2.1 The effects of changing the inter-track distance.

In laser cladding the area coverage rate of the process can be increased by increasing the
process speed or by decreasing the number of tracks per unit area, which involves an increase
in inter-track distance (although other parameters may have to be increased to maintain clad
layer thickness). It is therefore of interest to see if an increase in inter-track distance results

in an improvement in powder catchment efficiency.

Figure 6.8 presents the melt pool maps for both AAA and ABA cladding at a process speed
of 700mm/min with centre-to-centre track spacings of 2, 2.8, 3.6 and 4mm. The individual
tracks were approximately 4mm wide in cross section at the substrate surface, so a 2mm
centre-to-centre distance means that there was a 50% overlap of one track on the previous
one. The AAA melt pool maps show that the late start of the melt front on the track overlap
side of the pool (discussed above) is most pronounced when the track-to-track overlap is
largest (i.e., at smaller inter-track distances). As the inter-track spacing is increased this
effect is diminished because the melt pool is exposed to more of the flat substrate surface
and the melt geometry becomes more like a solo ‘A’ track. The ABA melt pool maps present
similar information for the late start of the melt (compared with solo ‘A’ tracks) on both

sides of the leading edge of the pool.

Figure 6.9 presents the melt pool surface areas and the powder catchment efficiency for each
case shown in Figure 6.8 (the result for the initial ‘A’ track in AAA cladding and the ‘A’
tracks in ABA cladding are given as a horizontal dotted line in Figure 6.9 a and b). It is clear
that for the AAA cladding process there is a gradual increase in melt pool area as the inter-
track distance is increased and the melt pool initiation delay caused by the slope of the

previous track diminishes.
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For the more symmetrical ABA cladding B pools, there is no clear trend in pool size with
increasing inter-track distance although the B pools are generally larger than their AAA
counterparts. The B tracks of this data set also have better deposition rates than either the

initial or the subsequent ‘A’ tracks.
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Figure 6.8 Melt pool maps for AAA and ABA cladding with increasing inter-track distance.
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Figure 6.9 The melt pool areas (from figure 8) and their associated powder catchment efficiencies
However, when considering the effect of inter-track distance on the process, a very important
consideration is any effect on the thickness and waviness of the clad layer. This thickness
and waviness determine how much useful clad layer will remain on the surface after the clad

layer has been machined to a flat surface.
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Figure 6.10 presents cross sections of the AAA and ABA samples and it is evident that,
under these process parameters, both the 2mm inter-track distance (50% track overlap) and
the 4mm distance are inappropriate choices for producing a flat clad deposit. In the 2mm
case the clad surface is oversupplied with powder and in the 4mm case the gap between

tracks is insufficiently supplied.

Although both cladding techniques would result in an array of solo ‘A’ tracks if the inter-
track distance were wide enough, it is clear that an inter-track distance which is
approximately equal to the melt width (4mm) is not large enough for this to happen. The
ABA process retains its superior powder catchment efficiency at this large inter-track
distance because escaping powder particles are still directed back into the melt by deflection

off the adjacent ‘A’ tracks.
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Figure 6.10 Cross sections of AAA and ABA clad deposits produced with the same parameters over a range of
inter-track (centre to centre) spacings
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6.4.3 The effect of process speed on ‘A’ tracks.
For ‘A’ clad tracks (either solo ‘A’ tracks or the ‘A’ tracks in ABA cladding), an increase in
cladding speed from 0.7m/min to 1.5m/min had the expected result of reducing the size of

the melt pool surface, as can be seen in Figure 6.11.
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Figure 6.11 Melt (plan view) for ‘A’ tracks as a function of process speed

Although the results shown in Figure 6.11 represent changes over a 214% increase in process
speed the associated (linear) reduction in melt pool surface area was only 30% (from 27mm?
to 19mm?) and the (linear) reduction in powder catchment efficiency was only 9% (from
76% to 69%). At higher speeds the laser energy produces shallower melt pools with only a
limited reduction in melt pool surface area. The minor reduction in powder catchment
efficiency over this large speed range clearly indicates that the melt pool surface is large
enough throughout this parameter set to interact with most of the incoming powder stream.
Small reductions in pool size therefore result in even smaller reductions in powder catchment

efficiency.
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6.4.3.1 The effect of process speed on ABA cladding.
Figure 6.12 and Figure 6.13 show cross sections of ABA clad specimens created at different
process speeds, with inter-track distances of 2.8 and 3.6mm respectively. It is clear that the

thickness of the clad layers decreases with increasing cladding speed, as would be expected.
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Figure 6.13 Cross sections of ABA clads made at different speeds with an inter-track distance of 3.6mm
Figure 6.14 gives the details of the melt pool shapes, areas and catchment efficiencies for

the examples presented in Figure 6.12 and Figure 6.13.
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Figure 6.14 The melt pool shapes, areas and powder catchment efficiencies for the samples shown in Figure 6.12
and Figure 6.13.

It is surprising that, over a 214% increase in cladding speed in for both inter-track distances,
the shape, area and catchment efficiencies vary only slightly. The only outlier is the size of
the melt pool for the fastest speed (1.5m/min) and largest inter-track distance (3.6mm). Apart

from this result the melt pool areas vary by less than 10% (29.92 — 32.63mm?).

The powder catchment efficiencies for this group of results (including the melt pool size
outlier) only vary by less than 5% (80-85%). All of these ABA powder catchment
efficiencies are above those of the solo ‘A’ or multiple AAA tracks, and this demonstrates
that the most important influence on powder catchment efficiency is the choice of cladding
technique used, with ABA cladding giving better results than AAA.

6.4.4 A comparison of powder catchment efficiencies for AAA and ABA cladding.
Many of the experimental results for ABA cladding presented so far have been dealing with
‘B’ tracks in isolation, and an experimental data set for powder catchment efficiency for

these tracks is given in Figure 6.15a.

The improvement over AAA cladding is quite clear, with one result showing a 99% powder
catchment efficiency (see Figure 6.5). However, this gives an exaggerated view of the
powder catchment efficiency of the ABA cladding process, which is, as discussed earlier,
the average of the solo ‘A’ track efficiency for those parameters and the ‘B’ track results
shown in Figure 6.15a. These average powder catchment efficiencies for ABA cladding are
presented in Figure 6.15b and, although these values are lower than those shown in Figure

6.15a, they are still a substantial improvement over the AAA results.
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Figure 6.15 Deposition rate/powder catchment efficiency results over a wide range of cladding speeds and inter-
track distances for: a. ‘B’ tracks only, b. ABA cladding (average of ‘A’ and ‘B’ tracks).

6.5 Conclusions

The experimental and analytical work presented here confirms the following conclusions

within the parameter set used:

e Powder catchment efficiency is an important metric for laser cladding and associated
DED processes.

e There is a substantial difference between the melt pool shape and the powder
catchment efficiency of the initial track and subsequent tracks in AAA cladding.

e The ‘subsequent’ tracks in AAA cladding have an asymmetrical melt pool shape as
a result of the overlap of one track with the previous one. This asymmetry exposes
more solid material to the incoming powder stream which decreases the powder
catchment efficiency of the process.

e ‘B’ tracks in ABA cladding have an enhanced powder catchment efficiency primarily
because the edges of the powder stream are reflected back into the melt pool off the
‘shoulders’ of the adjacent ‘A’ tracks.

e Anincrease in inter-track distance can improve powder catchment for AAA cladding
but has no clear effect on ABA cladding powder catchment.

¢ Increasing cladding speed has a surprisingly small effect on weld pool size or powder
catchment efficiency, although it has a substantial effect on clad layer cross section
(reduced speeds result in thicker clad layers).

e ABA cladding offers a substantial improvement in powder catchment efficiency over
AAA cladding and also eliminates the initiation anomalies common to AAA
cladding.
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7 Chapter VII. Laser cladding (DED); A High-Speed-Imaging
examination of powder catchment efficiency as a function of
the melt pool geometry and its position under the powder

stream.

The main body of this section is reproduced from the paper:

Koti, D., Powell, J., Naesstroem, H., Spaccapaniccia, C. and Voisey, K.T., 2023. Laser
cladding: A high-speed-imaging examination of powder catchment efficiency as a function
of the melt pool geometry and its position under the powder stream. Journal of Laser
Applications, 35(4), https://doi.org/10.2351/7.0001199

7.1 Abstract

This paper provides quantitative information about the paths taken by powder particles
which enter and do not enter the laser generated melt pool during laser cladding (DED). A
proportion of the powder is ‘wasted” by bouncing off the solid areas surrounding the melt
pool. This wastage reduces the productivity of the process. In this paper, specially developed
software was used to analyse High Speed Imaging videos of the cladding process, to monitor
the directions of powder particle flight towards and away from the melt pool area. This
information has been correlated to the geometry and position of the melt pool zone for three
different cladding techniques; single track cladding (A tracks), standard overlapping track
cladding (AAA cladding) and a recently developed technique called ABA cladding. The
results show that the melt pool geometry, and particularly the overlap between the melt pool
and the incoming powder stream, have a strong influence on powder catchment efficiency.
ABA cladding was found to have considerably better powder catchment efficiency than
standard AAA cladding and this improvement can explained by consideration of the
geometries and positions of the melt pools and surrounding solid material in each case. As
powder costs are an important factor in industrial laser cladding, the adaption of the ABA
technique, and/or control of pool/powder stream overlap (for example by making the powder
stream not coaxial with the laser beam) could have a beneficial effect on the profitability of

the process.
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7.2 Introduction

Laser cladding is a Directed Energy Deposition (DED) technique which involves melting a
blown stream of metal powder onto a substrate surface to provide a coating which has good
wear or corrosion properties [1-3]. Unfortunately, a proportion of the powder fed into the
process misses the melt pool and is not incorporated into the clad layer [4]. This ‘escaping’
or ‘wasted’ powder is an important feature of the profitability of the cladding process
because the powder is expensive and generally cannot be recycled [5]. This paper describes
the results of an experimental program designed to identify the total amount of powder which
escapes, and the directions taken by the escaping powder particles under various process

parameters as a function of melt pool geometry.

The process parameters investigated included cladding speed, inter-track distance and
cladding technique. Three cladding techniques were compared; Single track cladding (‘A’
cladding), Standard, overlapping track cladding (AAA cladding) and a recently developed
technique called ABA cladding [6, 7]. These three techniques are described in Figure 7.1.
High Speed Imaging (HSI) videos were taken of the laser-material interaction area during
cladding, and specially designed software was employed to identify the flight vectors of the

individual particles towards, and away from, the melt pool.
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Figure 7.1 a) A solo, or initial, ‘A’ track, b) In standard (AAA) laser cladding the clad surface is made up of
overlapping ‘identical’ tracks (although a few, early tracks differ from later tracks), c) in ABA cladding a set of
widely spaced identical ‘A’ tracks are laid down first and then the gaps between them are filled with ‘B’ tracks.
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7.3 Experimental Details

7.3.1 Cladding parameters

Laser cladding experiments were conducted with the following parameters; 15 kW IPG
Ytterbium-doped, cw fibre laser, (1070 nm wavelength), 3 kW power. 150mm collimating
lens and Kugler mirror optics with a 250mm focussing mirror. Fibre diameter; 100um,
coupled to a 400um fibre. Beam diameter on substrate surface; 4mm (Gaussian energy
distribution), Stand-off distance; 13mm.

The powder was fed through an 8mm diameter coaxial COAX 14V5 (Fraunhofer IWS)
continuous nozzle (also known as a ring-slit nozzle). This produced a focussed powder
stream with a diameter of approximately 4mm at the melt pool surface. Argon was used as

the shielding and carrier gas.

The carrier gas flow was 8 I/min and shielding gas flow was 15 I/min. 316L stainless steel
powder with a size range from 50 to 150 microns diameter was fed from a gravity-based
powder feeder. The powder feeder was calibrated, and the feed rate used (26g/min) was
checked experimentally and found to have a standard deviation of 0.8g/min. A 3-axis ISEL
FlatCOM L150 CNC system was used, with the substrate plates (5mm thick 304S15 stainless
steel) clamped to a linear motion table. Both the laser head and the powder feeder nozzle

remained fixed.

Tracks were created using both the AAA and ABA techniques with a range of inter-track
(centre to centre, see figure 1) spacings of between 2 mm and 4 mm. The tracks comparing
‘AAA’ and ‘ABA’ clads were carried out at 0.7 m/min. For the solo ‘A’ track cladding
experiments, the cladding speed was varied between 0.7 m/min and 1.5 m/min, to investigate

pool shape changes as a function of process speed.

7.3.2 Powder particle trajectory image processing.

High Speed Imaging (HSI) videos were taken of the cladding zone, and diagnostic code was
written in Python using numpy, opencv, and openPIV. The code’s operations were divided
into the following steps: 1. particle detection, 2. velocity computation, 3. association of
directional vectors to individual particles, 4. computation of flow rates in different directions.
The code was applied to individual HSI frames for particle detection, and pairs of

consecutive images were used for the computation of displacement vectors.
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The initial step is to achieve a binary image where only the particles are visible. As well as
the information on particle positions, the individual frames from the HSI contain high
intensity, low-frequency signals from the deposition area and high-frequency low-intensity
electronic noise. The first was attenuated through background intensity removal, while the

latter was removed by low pass filtering of the Fourier spectrum of the image.

The operation was repeated twice, until the particle signal became predominant, and a clear
threshold could be used to binarize the image. Finally, particle counting was performed on

the binary image using Open CV structural analysis toolbox.

The algorithms used to calculate the particle vectors were PIV (Particle Image Velocimetry)
and OF (Optical Flow). Both algorithms were applied to the whole image and required two
consecutive frames to analyse the displacement of the particles. PIV was very effective in
computing vectors in high-speed regions of the image, while OF was more reliable for the
regions of low particle speed. It is important to mention that the original images are used to
compute displacement vectors, since using a binarized image leads to errors in the cross-

correlation-based algorithm.

The steps above identify the direction and velocities in the regions of interest but do not link
them to the individual particles. In order to associate a vector to every particle, it is necessary
to overlap the binary image obtained in step 1 with the velocity maps obtained in step 2.

7.3.3 Mapping the geometry of the melt pool and its overlap with the powder stream.
Using techniques developed in earlier work [7] the plan view geometry of the weld pool was
accurately identified from the HSI videos. In each case this could then be mapped onto the
circular cross section of the vertically incident powder stream. From this information it was
possible to calculate the percentage of the powder stream which landed in the liquid pool

and the proportion which landed on the surrounding solid material.

The powder stream was co-axial with the laser beam, and both were circular in cross section.
However, it is important to point out that the melt pools were not circular, and there was
generally a lag between the front edge of the melt pool and the front edge of the powder

stream.
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7.4 Results and Discussion

7.4.1 Single ‘A’ track cladding at different speeds

Figure 7.2 presents a single frame from the HSI video of the laser-material interaction zone
in single ‘A’ track cladding. The cladding process is moving towards the viewer in this
photo. Flight vectors, calculated as described above, have been added to some particles

(depicted as arrows, the length of which are proportional to speed).

- Meltpool
Powder stream
Entering powder particles
Escaping powder particles

Figure 7.2 A frame from the HSI video of the cladding a single ‘A’ track. Selected particle vectors are shown as
arrows (arrow length is proportional to speed).

It is clear from Figure 7.2 that most of the descending powder stream is entering the melt
pool. However, a small proportion of the particles are flying away from the area after
rebounding off the solid material which surrounds the melt. From the software analysis of
the HSI video it was possible to identify the mass of incoming powder entering the melt pool
as a percentage of the total powder feed rate, and this can be expressed as the powder
catchment efficiency [7]. Figures for powder catchment efficiency can also be calculated
from measuring the cross section of the clad tracks and thus the mass per unit time laid down

in the clad layer. Both sets of results are presented in Figure 7.3 and subsequent figures.
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Single track ‘A’ cladding was carried out at a range of speeds. Figure 7.3 shows the plan
view of the shape of the cladding melt pools for single ‘A’ tracks at various process speeds
(measured from the HSI videos) with a dotted circle identifying the position and area of the
incident powder stream. Plan views of the melt pools were chosen because the input powder
is effectively a vertical stream. It is interesting to note that, although the range of process
speeds shown here is from 0.7m/min to over double that value (1.5m/min), the reduction in
the surface area of the pool is only 20% (from 27.2 mm2 to 21.72 mmz2). It is clear that there

is a gradual decrease in powder catchment efficiency with increasing cladding speed.
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1 m/min: 13.5% L, 12.5% R
1.25 m/min: 14% L, 13% R
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y coordinate (mm)

5 4 -3

T T
ISR, |

_____________ S e T e NPy
v

A cladding

0.7 m/min 8- Meltpool area:
=1 m/min I 0.7 m/min : 27.20+0.25 mm®
—1.25 m/min 1 m/min : 23.45+0.25 mm’
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1.5 m/min : 68.5+1.37%

x coordinate (mm)

Figure 7.3 Plan views of melt pools in single track ‘A’ cladding as a function of cladding speed. The position and
size of the powder stream is indicated as a dotted circle. ‘Powder catchment efficiency from particle mass’ figures
is taken from the HSI video anal

In Figure 7.3 the position of the powder stream for each cladding speed melt pool was
established directly from the HSI video. The figure gives details of the meltpool area, the
powder catchment efficiency and the percentage area overlap between the powder stream
and the melt pool. It can be seen that, in every case, melt pool front lags the front of the
powder jet slightly. In some processing conditions this would be expected because the
powder jet and laser are aligned, and the cold, flat substrate would need some time/distance

under the laser beam before melting is initiated.
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It is interesting to note that there is a very good match between the percentage overlap
(powder/pool) and the powder catchment efficiency. The area overlap between the melt pool
and the powder stream matches the powder catchment efficiency to within 2% on average,
over this range of processing parameters. This extremely close fit was also evident in the
other experiments carried out in this study (see section 3.5). Given this remarkably accurate
result, a great deal of care was employed to establish the error range of the results for the
melt pool area measurements, the powder catchment efficiencies (cross section and particles
mass) and melt pool/powder stream overlap. Each of the underlying measurements was
repeated at least ten times, the standard deviations calculated and regarded as the error on
each measurement. These were then combined to produce the overall errors given using
standard combination of errors equations. The resulting errors are presented in the data boxes

in Figure 7.3 and other, appropriate figures.

Figure 7.2 suggests that particles escape the melt pool to the right and left of the cladding
path. From the HSI analysis described earlier it was possible to quantify the proportions of
particles travelling in each direction. The results of this measurement are presented in figure
4 and show that the two general directions of travel (left and right) were evenly matched.
This is not an unexpected result as the clad track and melt pool are axi-symmetric about the

axis of travel, as in the case of solo ‘A’ clad tracks.
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Figure 7.4 Measurements of the powder catchment efficiency of single track ‘A’ cladding as a function of cladding
speed, and the proportions of particles escaping from the cladding zone in the general left and right directions.

Powder catchment efficiency (%)

7.4.2

Standard ‘AAA’ cladding (see Figure 7.1) was carried out at a cladding speed of 0.7m/min
with inter-track spacings varied between 2 and 4 mm. Figure 5 shows a typical HSI single
frame taken from the video recordings. In this case it can be seen that the track is being
overlapped with the previous one, which means that the melt pool and the surrounding area

are not axially symmetrical on either side of the axis of movement as they were in the case
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of the single ‘A’ track.
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‘AAA’ cladding with different inter-track spacing.
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Figure 7.6 Plan views of melt pools for ‘AAA’ cladding as a function of inter-track distance. The position and size
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Figure 7.5 A typical view of ‘AAA’ cladding (in this case the inter-track spacing was 2.8 mm)
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Figure 7.6 shows that, at the minimum inter-track distance (2 mm) the melt front is slightly
ahead of the powder jet on the right-hand side where the flat surface of the substrate is being
clad. This could be attributed to pre-heating of the area from the cladding of the previous
track, as well as the effect of melt pouring downwards and forwards from the sloping melt
pool. As the inter-track distance is increased, this pre-heating effect is weaker, and the melt
front lags the powder stream on the right-hand side as the chilling effect of the substrate

becomes dominant.

On the left the melt front substantially lags the powder stream in every case. Earlier work by
the present authors [7] suggested that this is due to the laser interacting with the curved,
sloping ‘shoulder’ of the previous track which means that the projected beam has a lower
energy density (also, other factors such as angular dependence of absorption need to be taken

into account).

This distortion of the shape of the melt pool results in an increase of the percentage of powder
which impacts the surrounding solid material. This reduces the melt pool/powder stream
overlap and thus the powder catchment efficiency. Figure 7.6 demonstrates once more that
these two measurements are almost exactly matched. The figures for melt/powder overlap
for this set of parameters match the powder catchment efficiency within 1.5% on average

for this set of parameters.
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Figure 7.7 Measurements of the powder catchment efficiency of ‘AAA’ cladding as a function of inter-track
distance, and the proportions of particles escaping from the cladding zone in the general left and right directions.

From Figure 7.3 and Figure 7.6 it is clear that the powder catchment efficiency of the ‘AAA’
process (61.5% - 73%) is lower than that of single track ‘A’ cladding (75.5% - 76%) at the
same cladding speed (0.7m/min). It can also be seen in Figure 7.7 that the direction of travel
of the ‘wasted’” powder particles is heavily biased towards the right-hand side. This makes
sense because the ‘shoulder’ of the previous solidified track is an inclined surface will tend

to deflect particles towards the right.

7.4.3 ‘ABA’ cladding with different inter-track spacing.
‘ABA’ cladding (see Figure 7.1) was also carried out at a cladding speed of 0.7m/min with
inter-track spacings varied between 2 and 4 mm.
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Figure 7.8 A typical view of ‘ABA’ cladding (in this case the inter-track spacing was 2.8mm)
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Figure 7.9 Plan views of melt pools for the ‘B’ tracks in ‘ABA’ cladding as a function of inter-track distance. The

position and size of the powder stream is indicated as a dotted circle.




Figure 7.9 shows that the central part of the melt front for the ‘B’ tracks is slightly ahead of
the powder stream for ABA cladding with these parameters. This is probably because the
geometry of the melt pool (caught between the two ‘A’ tracks and sloping forwards), tends
to pour liquid into the ‘valley’ between the adjoining ‘A’ tracks. Behind this central section
the melt pool front lags behind the powder stream slightly. As was the case for AAA cladding
this lag is probably caused by a reduction in laser power density of the projected beam on
the sloping surfaces of the ‘A’ tracks. Note: In ABA cladding pre-heating effects are reduced
compared to in ‘AAA’ cladding. This is because, in many examples of ‘AAA’ cladding, the
previous track was laid down only a few seconds earlier. In ‘ABA’ cladding all the ‘A’ tracks
need to be laid down before the first ‘B’ track is clad, which gives the material time to cool

down before the ‘B’ track part of the process.

It is important to point out that Figure 7.9 only gives information relating to the “B’ Tracks
in ABA cladding. The ‘A’ tracks were identical to those presented in Figure 7.3 for a
cladding speed of 0.7m/min. Once more we have a very accurate correlation between the
powder/pool overlap (79% - 93%) and the powder catchment efficiency (80% - 92%), both
of which are very high in the case of the ‘B’ tracks. In the case of ABA cladding these values
are within 2% of each other on average in the cases shown here.

The powder catchment efficiency and direction of travel for ABA cladding is presented in
Figure 7.10 for the ‘B’ tracks (coloured lines), and it is clear that the left- and right-hand
directions of powder travel are evenly balanced as a result of the symmetry of the melt pool
and surrounding solid geometry (which is similar to a valley between two identical hills).
Combining these results with those for the ‘A’ tracks gives us the average values for ABA

cladding and these are presented in Figure 7.10 (coloured dots).
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Figure 7.10 Measurements of the powder catchment efficiency of ‘ABA’ cladding as a function of inter-track
distance, and the proportions of particles escaping from the cladding zone in the general left and right directions.
Results for ‘B’ tracks only (coloured lines). Average results for the ‘ABA’ process, ‘B’ tracks plus ‘A’ tracks,
(coloured dots).

One important feature to note from Figure 7.10 is the fact that even the average powder
catchment efficiency of the ABA process is considerably higher (78-83%) in the case of

ABA cladding than it is for standard ‘AAA’ cladding (61.5-72%).
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7.4.4 A comparison of the ‘A’, ‘AAA’ and ‘ABA results.

Figure 7.11 presents the data for the proportion of powder escaping the process zone and
direction of travel taken, for all three types of cladding (‘A’, ‘AAA’ and ‘ABA’). The
information here is presented as a semicircular histogram of proportion of powder wasted as
a function of direction of flight. For example, for ‘AAA’ cladding 6% of the particles
rebounded at angles between 10 and 20 degrees to the horizontal. These results demonstrate:

A.  The symmetrical flight patterns of the particles escaping from the symmetrical

melt pools associated with solo ‘A’ track and ‘ABA’ cladding.
B.  The asymmetry of the escape paths for ‘AAA’ cladding.

C.  That more powder is escapes from ‘AAA’ cladding process than from solo ‘A’
tracks, and the most powder efficient process is ‘ABA’ cladding.

90°  80°  70° 60°
LEFT  } /' RIGHT ’

B A, 0.7 m/min
M AAA, 0.7 m/min, 2.8 mm 50°
ABA, 0.7 m/min, 2.8 mm

140°
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\10°
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Figure 7.11A comparison of the wasted powder amounts and flight directions for ‘A’, ‘AAA’ and ‘ABA’ cladding.
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7.45 A summary of the ‘powder stream/melt pool overlap’ results.

Figure 7.12 gathers together all the experimental results above with regards to powder
catchment efficiency as a function of the overlap of the powder stream and the melt pool. It
is clear from this figure that the correlation between the overlap and the powder catchment
efficiency is very close to 100% over the range of process parameters presented here. This
Is an important result for the laser cladding industry as, in many cases, the process is
unidirectional. This being the case, and the coaxial laser/powder stream nozzles presently in

use may not be the optimum solution.

When cladding in different directions is required, coaxial systems are the obvious choice.
However, for unidirectional cladding (eg. spiral cladding on tubes), the front of the melt pool
can lag slightly behind the front of the laser (and the powder stream). In these cases, higher
powder catchment efficiency may be achieved by employing ABA cladding or by directing
the powder stream slightly backwards so that it overlaps the melt pool more completely. This
strategy is likely to be particularly useful at high cladding speeds where the laser/melt lag

could be substantial.
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Figure 7.12 The powder catchment efficiency as a function of powder stream/meltpool
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7.5 Conclusions

Within the parameter set presented here, and probably more generally;

200

There is an almost exact 1:1 relationship between the powder stream/melt pool
overlaps and the powder catchment efficiency in laser cladding.

Powder catchment efficiency is maximised, for a coaxial powder feed/laser beam, by
employing the ABA cladding process rather than the traditional AAA technique.
The routes taken by particles which ‘escape’ the cladding process by missing the
melt pool and bouncing out of the area are determined by the shape of the solid
material surrounding the melt.

To maximise profitability, laser cladding firms should maximise powder catchment
efficiency by maximising powder stream/melt pool overlap. This optimisation could
be achieved by techniques such as ABA cladding or by introducing a lag between

the powder stream front and the front of the laser beam.
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8 Chapter VIII. General discussion

8.1 Introduction

Researchers began investigating laser cladding in the early 1980s; the process has now
reached a level of industrial importance. Laser cladding requires the melting of a cladding
alloy onto a metal substrate using a pre-placed or blown powder by depositing successive
tracks side by side to create a clad surface. Laser cladding has been shown to be an excellent
method for altering the physical and chemical properties of material surfaces. The primary
concern of the engineering industry is to reduce the cost of engineering parts with the
required surface characteristics. In most cases, cost reductions can be achieved by using a
cheaper substrate material and a suitable coating alloy. It is possible to increase productivity
and cost-effectiveness by enhancing powder catchment efficiency, deposition rate, and

coverage rate.

8.2 Problems with traditional AAA cladding

The traditional laser cladding procedure deposits a single track on the substrate surface. The
researchers compare the characteristics of single tracks under a variety of processing
conditions. However, in industrial practice, the use of single tracks is limited, since it is more

common to overlap tracks until the required clad surface is obtained.

Due to the ostensible similarity of the clad tracks, the traditional cladding process could be
called AAA cladding. Nevertheless, the similarity becomes apparent only after a few tracks
have been laid. The shape of the subsequent tracks is affected in various ways by the previous
tracks in the early stages of the process. In spite of the fact that this point is rarely discussed
in the literature, most researchers in the field demonstrate it in their cross-sections of clad
layers. There can be considerable variation in the height, cross-section, and metallurgy of
clad tracks. In comparison with subsequent tracks, Track 1 will have a different melt pool
geometry which will affect powder capture and dilution. A repeating pattern of cladding is
not usually established until track 4 as shown in Figure 8.1. It is noteworthy that these start
and finish anomalies are a significant drawback of the AAA cladding system, as they cause
local perturbations in the morphology and dilution of the clad surface, as well as heat-
affected zones.

202



¥
[~
Cross section
iew

Figure 8.1 Cross-sectional view of initial ‘A" track and a standard (AAA) laser clad surface, where the clad surface
consists of overlapping ‘identical’ tracks

The laser cladding process involves a processing head that supplies a stream of the cladding
powder alloy coaxially with a defocused laser beam. The purpose of the process is to melt
all of the powder that arrives at the laser-material interaction area into the clad track. It is
generally not possible to capture all the powder entering the meltpool, and a certain
percentage of powder escapes from the meltpool. The 'escape’ of powder is a critical
component of the profitability of the cladding process. As part of the consideration of the
escaping behaviour, it is important to keep in mind that since the powder particles have a
wide range of escape routes as a result of the shoulder of the previous track and the slope of
the melt pool, they are directed away from the melt pool. The powder particle escape
pathways in single track, A, cladding and overlapping track, AAA, cladding is illustrated in
Figure 8.2

N4/
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\\——-—"

A cladding AAA cladding

Figure 8.2 An illustration of the powder particle escape pathways in A and AAA claddings.
The efficiency of powder catchment in the process has a significant impact on costs and is
therefore of paramount importance to industrial users. The efficiency of this process can be
defined as the percentage of powder that is fed to the laser melting process and becomes part

of the laser clad layer. According to the technical literature, powder catchment efficiencies
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range widely, but are frequently substantially below 50%. As a result of the powder's high

cost and inability to be recycled, this poses a significant problem.

Although there is a very large body of research work on laser cladding with blown powder,
there are no clear guidelines about which quality and productivity parameters are important
to the relevant branches of industry, nor are there any general rules about what constitutes a
high-quality deposit. There is the need to investigate the influence of productivity factors in
order to gain a better understanding of the process to be able to apply it successfully in

industry.

8.3 Possible solution, introducing ABA cladding.

An innovative cladding technique, ABA cladding, is investigated in this thesis with the aim
of establishing a more predictable and efficient process. By laying down clad tracks with
more widely spaced intervals (‘A" tracks), and then filling in the gaps between these tracks
with those made with different parameters ('B' tracks), a more uniform structure can be
achieved, as shown in Figure 8.3. Consequently, all 'A’ tracks will be identical in shape,
dilution, etc., and the same will be true for all ‘B tracks. A comparison of ABA laser cladding
to traditional AAA cladding is presented in this work. Particularly, the study compares the

efficiency of powder catchment and the deposition/coverage rates of the two techniques.
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Figure 8.3 A cross-sectional view of ABA cladding, where parallel "A" tracks are laid first, and the gaps between
them are filled with parallel 'B' tracks. A schematic illustration of the powder particle escape pathway in ABA
cladding.
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8.4 Productivity in ABA laser cladding

During the laser cladding process, powder catchment is fundamentally determined by the
amount of powder that enters the cladding melt pool and becomes a clad track. Throughout
this section, quantitative information is presented concerning the paths taken by powder
particles as they enter or exit from the melt pool. Some of the powder will inevitably bounce
off the solid material surrounding the melt pool, resulting in ‘waste." As a result of this waste,
the process is less productive. To monitor the directions of flight of powder particles away
from the melt pool area, high speed imaging videos of the cladding process were analysed
using specially developed software. Laser power, cladding speed, powder feed rate, and
other factors can affect the size and shape of the melt pool surface. For three different
cladding techniques, such as single-track cladding (A tracks), standard overlapping track
cladding (AAA cladding), and ABA cladding, a comparison has been made between melt
pool shape and escaping powder particles. It is important to note that, the melt pool surface
is the collection area for the cladding powder, and the shape of the pool and the movement
of the powder particle can be affected by a number of parameters, including cladding speed
and inter-track spacing. Tracks were created with an inter-track spacing ranging from 2 mm
up to 4 mm. In order to compare clads of A, AAA, and ABA, were conducted at a speed of
0.7 m/min and inter-track distance of 2.8 mm. In order to further investigate ABA cladding,

the ‘B’ clad processing speed was varied between 0.7 and 1.5 m/min.

8.4.1 A study of powder catchment behaviour by detecting powder particles

Single frames from the HSI video illustrates (Figure 8.4) the laser-material interaction zone
in single 'A' cladding, traditional AAA cladding, and ABA cladding. The cladding process
appears to be moving towards the viewer in this photograph. The program developed is used
to identify powder particles, as well as powder particle velocity vectors. Using software
analysis of the HSI video, the percentage of powder entering the melt pool can be
determined, which is known as the powder catchment efficiency. It is evident from the figure
that the majority of the powder stream is entering the melt pool and a small proportion of
the particles are, however, flying away from the area after bouncing off the solid material

surface.
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Figure 8.4 The behaviour of powder escape in single A, traditional AAA and the new ABA cladding
In the case of clad tracks produced on a flat surface, A cladding, the melt pool is symmetric
about the central axis in the direction of the cladding. Likewise, its width is greatest near the
front, near the laser beam, and narrows behind it as the melt pool solidifies inwards from its
outer edges. It is the shape created in all the A tracks laid down in the ABA cladding as well
as the first track in the AAA cladding. In consequence of the track being deposited on a flat
surface, powder particles are seen to escape in all directions.

It has been observed that the melt pools of the tracks following this single track in AAA
cladding have a completely different shape. In this instance, the track has overlapped with
the previous one (being generated on the ‘shoulder’ of the previous track) and it is evident
that the melt pools are not axially symmetrical. On the right-hand side of the flat surface of
the substrate, the melt front is slightly ahead of the powder jet. A possible explanation for
this could be that melt pours downwards and forwards from the sloped melt pool.
Consequently, the melt pool's shape is distorted, resulting in a higher proportion of powder
impacting the solid material surface. Also, the melt pool/powder stream overlap is reduced
as well as the powder catchment efficiency. The figure also shows that the direction of travel

of the 'wasted' powder particles is heavily biased towards the right.
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In Figure 8.5, the ABA melt pool shape represents only the B track melt pools. In this case,
the geometry of the pool is symmetrical but has a greater degree of complexity than in the
case of the single 'A' track. As can be seen from the figure, the melt front is slightly ahead
of the powder stream for ABA cladding in the central part of the melt front. Due to the
geometry of the melt pool, liquid tends to flow into the valley between the adjoining 'A'
tracks, and downhill to extend the melt pool into the region yet to be irradiated by the laser.
Because of the symmetry of the melt pool and surrounding solid geometry, the left- and
right-hand directions of powder escaping are equally balanced. It should be noted that, for
ABA cladding only, bouncing off of either of the A clad shoulders may cause the powder
particles to be re-directed into the meltpool, instead of being lost from the process. This

mechanism could result in higher powder catchment efficiency.

ey

A cladding E AAA cladding ABA cladding

Figure 8.5 The following plan views show melt pools in single *A’, traditional ‘AAA" and 'ABA’ claddings in
relation to the powder streams. Measurement of powder catchment efficiency (green) and the proportion of
particles escaping from the cladding zone (red).

The Figure 8.5 shows the plan view of the cladding melt pools in A, AAA and ABA
cladding, with dotted circles indicating the location and area of the incident powder stream.
Based on the figure, information is provided regarding the percentage overlap between the
powder stream and the melt pool. Those particles that enter the meltpool are designated as
green, while those that exit its meltpool are designated as red. Since the input powder is
effectively a vertical stream, plan views of the melt pools were chosen. For all three types
of cladding (‘'A', '"AAA', 'ABA"), Figure 8.6 illustrates the proportion of powder escaping
the process zone and the direction of travel taken. The information presented here is

presented as a semicircular histogram of powder wasted based on flight direction.
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Figure 8.6 Wasted powder amounts and flight directions for cladding types "A", ‘AAA', and 'ABA".

The main results from Figure X and Y are listed as follows:

e A cladding, the powder particles spread out in all directions (symmetry).

e AAA cladding, the powder deflected away mainly in one direction (asymmetry).

e ABA cladding, the powder particles spread evenly sideways and deflected most of
the powder into the meltpool (symmetry).

e That more powder is escapes from ‘AAA’ cladding process than from solo ‘A’

tracks, and the most powder efficient process is ‘ABA’ cladding.

The Figure 8.7 shows the results of this measurement and shows the general directions of
travel left and right. Based on the figures, it is clear that the powder catchment efficiency of
the AAA process (64.61%) is lower than that of single track ‘A’ cladding (76.03 %) at the
same cladding speed (0.7 m/min), as well as lower than the ABA cladding process (80.23
%) at the same cladding speed (0.7 m/min) and inter-track distance (2.8 mm). There is equal
exposure of powder in each direction in A cladding, and the altered cladding speed has no

effect on the direction of escaping powder particles.
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In AAA cladding, the powder particles disposed of as 'wasted' travel in a direction heavily
skewed towards to one direction. Because the 'shoulder' of the previous solidified track is an
inclined surface, particles are likely to be deflected more likely to one direction. Since the
melt pool does not have an axi-symmetric shape, this is not an unexpected result. By
increasing the intertrack distance, the AAA clad shape will more resemble a single A clad
shape and by depositing the clad track on a flat surface, the directionality of the escapee

powder particles will return to symmetry.

In the case of ABA cladding, the improvement over AAA cladding is quite evident, with one
result demonstrating a powder catchment efficiency of 92%. Due to the symmetry of the
melt pool and surrounding solid geometry, the left- and right-hand directions of powder
travel are equally balanced. As a result, rebounding particles in ABA cladding tend to return
to the melt pool, whereas in AAA cladding, particles tend to leave the area of laser-material
interaction. Increased overlap between the power stream and meltpool area can explain the
improved powder catchment efficiency, as a higher proportion of particles impact the

meltpool as opposed to surrounding solid material.
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Figure 8.7 Measurements of the powder catchment efficiency of single track A, traditional AAA and new ABA
cladding as a function of cladding speed and inter-track distance, and the proportions of particles escaping from
the cladding zone in the general left and right directions.
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8.4.2 Analysis of the melt pool powder catchment behaviour

In laser cladding the area coverage rate of the process can be improved by increasing the
process speed or by decreasing the number of tracks per unit area, which involves an increase
in inter-track distance. There is therefore a desire to determine whether an increase in inter-
track distance can improve powder catchment efficiency.
melt pool maps for AAA and ABA cladding at a process speed of 0.7 m/min with inter-track

distances of 2, 2.8, 3.6 and 4mm.
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Figure 8.8 Melt pool maps for AAA cladding concerning increasing inter-track distance.
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Figure 8.9 Melt pool maps for ABA cladding concerning increasing inter-track distance.
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According to AAA melt pool maps, the late start of the melt front on the track overlap side
of the pool is most pronounced at smaller inter-track distances. As the inter-track spacing is
increased, this effect is diminished because more of the flat substrate surface is exposed to
the melt pool, which resembles a solo 'A' track. ABA melt pool maps present similar

information regarding the late start of the melt on both sides of the leading edge.

According to the AAA cladding process, the melt pool area gradually increases as the inter-
track distance increases and the melt pool initiation delay due to slope of the previous track
diminishes. In the case of the ABA clad B pools, there is no clear trend in pool size with
increasing inter-track distance, despite the fact that B pools are generally larger than AAA
pools. In addition, the B tracks of this data set have better deposition rates than the initial or

subsequent A tracks.

Using the same processing parameters, Figure 8.10 represents a comparison of melt pool

shapes in single A, traditional AAA and new ABA cladding.
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Figure 8.10 A comparison of melt pool shapes for different laser cladding interaction types using the same
processing parameter.

In AAA cladding, there is a considerable difference in melt pool shape and powder
catchment efficiency between the initial track and subsequent tracks. Based on the
geometries and positions of the melt pools and surrounding solid material in each case, ABA

cladding had significantly greater powder catchment efficiency than AAA cladding.
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8.5 Further enhancement of productivity by utilizing different

parameters for A and B parameters in ABA cladding

The previous section focused on the comparison of AAA and ABA cladding in terms of
process efficiency, in particular powder catchment efficiency. A potential advantage of ABA
laser cladding in comparison with traditional AAA cladding is investigated by increasing the
speed of the B clad process in order to further improve powder catchment efficiency.
Particularly, this section compares the two methods in terms of powder catchment efficiency,
deposition and coverage rates, surface waviness, and total material waste. The process speed
of the B clads was varied from a value of 1.0 m m/min to 2.0 m/min. Samples were created

with a variety of inter-track spacings.

The Figure 8.11 illustrates a comparison of powder catchment efficiency for AAA and ABA

claddings with the same A and B clad speeds as well as with increased B clad speeds.
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Figure 8.11 A comparison of powder catchment efficiency for AAA and ABA cladding with the same A and B clad
speeds as well as with increased B clad speeds.

The initial 'A' track of the '"AAA' cladding has a greater powder catchment efficiency of 57%
than any of the subsequent ‘AAA’ tracks. In the second track, the efficiency of the powder
catchment is only 35%, while after the first four tracks, the process becomes stable, with an
average efficiency of 45%. Using same parameters for the ‘A’ tracks, the powder catchment
efficiency of the AAA cladding was considerably less than that of the 'ABA' cladding.
Because all ‘A’ tracks have the same melt pool geometry, there is no need to establish a build-
up to a stable track geometry for ABA cladding. Furthermore, in almost all cases of 'ABA'
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cladding, it has been found that the powder catchment efficiency when laying down the 'B'
tracks is much higher than when laying down the ‘A’ tracks. As a result, ABA cladding has
always had a greater overall powder catchment efficiency than AAA cladding. As the melt
pool is effectively held in a valley between two previously deposited ‘A" tracks, the 'ABA'
cladding creates a very effective powder catchment geometry for the 'B' tracks.

8.5.1 Deposition rate and powder catchment

As shown in the Figure 8.12, the overall deposition rate and powder catchment efficiency in
AAA and ABA cladding are calculated using different inter-track distances and different
cladding speeds (in ABA, the average cladding speed of the A and the B). On the basis of
the graphs, it can be concluded that the average cladding speed (or an increase in B clad
speed in ABA) does not have any effect on the overall deposition rate or the powder
catchment efficiency. In the case of narrow inter-track spacing, melt pool geometry can
change; as a result, the melt front flow towards the cladding direction. Thus, the powder
particles that escape the front of the meltpool will now be directed to the meltpool, which
would positively impact powder capture efficiency. In previous sections in 8.4.1 and 8.4.2,
we discussed how different inter-track distances affect powder catchment efficiency.
Nevertheless, the increased speed of B clads and the optimized intertrack distances may
further improve the overall coverage rate of the process by altering the clad cross section
geometry in a manner that makes the clad surface uniformly flat. As a result, less post-
processing machining is required on the clad surface, and a higher B clad speed can result in
a shorter process time.
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Figure 8.12 Comparing AAA and ABA cladding, the overall deposition rate and powder catchment efficiency were
examined with respect to different B clad speeds and different intertrack distances.
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8.5.2 Surface waviness

As a result of the improved powder catchment of the 'B' tracks of the ABA cladding, 'B'
tracks will have a larger cross-section than 'A' tracks if the same process parameters are used
for both types of tracks. Consequently, the clad surface may become uneven and ridged. An
optimized cladding process can result in a flat surface, thus minimizing post-processing
costs. Two factors are responsible for determining the post-processing cost, namely the
surface waviness (the amount of material that needs to be removed in order to produce a flat
surface) and powder loss efficiency during deposition (powder particles which does not enter
the melt pool). The cladding speed for the 'B' tracks has been increased in order to level out
the surface. Additionally, this strategy increases the overall coverage rate as well. The Figure
8.13 represents the surface waviness with different cladding speeds (in ABA cladding, the
average cladding speed of the A and B clad) and different inter-track distances. According
to the figure, using the same processing parameters as for A and B clad in ABA cladding
results in a higher surface waviness (527 um) than AAA (308 pum) cladding. The anomaly
can be explained, in part, by the higher powder catchment efficiency and deposit rate, which
is caused by the advanced meltpool geometry of the B clad, which results in a larger cross-
section geometry, which results in a more concave surface. Nevertheless, it is possible to
change the concave shape by increasing the speed of the B clad and thereby producing a
more even surface (89 um) between the previously laid A clad tracks. This makes the ABA
cladding process a more beneficial application due to improved powder capture efficiency
and reduced surface waviness (material waste). An alternative approach would be to change
the inter-track distance between the A tracks in order to change the B clad cross-section
geometry. In addition, this can result in a flat clad surface or it could result in a convex form,

which is not beneficial.
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Figure 8.13 The surface waviness for different cladding speeds (in ABA cladding, the average cladding speed
between A and B cladding) and different inter-track distances in AAA and ABA cladding.
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8.5.3 Useful volumetric coverage rate

The Figure 8.14 illustrates the useful volumetric coverage rate in AAA and ABA cladding
for different cladding speeds (average cladding speed for A and B in ABA cladding) and
different inter-track distances. Based on inter-track distance, average cladding speed, and
useful clad thickness (clad layer after post-processing), the useful volumetric coverage rate
was derived. In the figure, it can be seen that the use of the same processing parameters in
AAA and ABA cladding, ABA produces higher coverage rates, although, as was mentioned
earlier, ABA cladding exhibits a greater degree of surface waviness than AAA cladding.
Several factors could explain this phenomenon, including a higher deposition rate and
powder catchment efficiency, which resulted in a higher concentration of B clad deposition,
which led to a greater height of the clad layers (1.9 mm) as well as an increase in surface
roughness (520 um). However, after post-machining, the final layer thickness (1.37 mm) of
the ABA clad was higher than that of the AAA clad (1.24 mm), where the clad height was
1.58 mm, and the surface roughness was 343 pm only. As a consequence of increasing the
B clad speed from 1 m/min to 2 m/min, the coverage rate could be increased from 21 mm?®/s
to 33 mm?/s, increasing the process productivity by 1.5 times. It is possible to increase the
coverage rate by applying different inter-track distances as well. The efficiency of the
process could also be enhanced by the fact that "ABA" cladding involves a wider spacing
between the tracks than "AAA" cladding, due to the nature of the process. This could result

in fewer tracks being required to cover a particular area.
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Figure 8.14 The useful volumetric coverage rate in AAA and ABA cladding for different cladding speeds (average
cladding speeds for A and B in ABA cladding) and different inter-track distances.
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8.5.4 Total material waste

Based on the different cladding speeds (average A and B cladding speeds in ABA) and
different intertrack distances, the Figure 8.15 represents the total material wasted during the
deposition of AAA and ABA cladding. Total material waste was calculated from waste from
post processing waste (the material waste which needs to be removed to achieve the final
layer thickness) and the waste from powder escape. In each laser cladding technique, the
total material waste gives information regarding the quantity of material wasted in kg per
square meter. Due to the higher powder catchment in ABA cladding compared to AAA
cladding, less powder is escaping from the interaction zone, resulting in less powder waste.
Furthermore, the effective thickness of the ABA cladding was greater than that of the AAA
cladding, resulting in less material being removed during the post-processing process.
Therefore, it can be concluded that ABA cladding has a lower total amount of material
wasted during deposition. A significant benefit of this improvement would be that it could
reduce the powder recycling and minimize the amount of expensive alloy powder being
wasted. Considering the results of AAA and ABA cladding with the same intertrack distance
of 1.5 mm and the same cladding speed of 1 m/min. AAA cladding resulted in a total material
waste of 13.6 kg/m? whereas ABA cladding resulted in a total material waste of 12.1 kg/m?.
This means that if the same process conditions are applied, but only the cladding type is
changed from traditional cladding to ABA cladding, the total material waste can be reduced

by around 1 kg per square meter.
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Figure 8.15 The amount of material wasted during the deposition of AAA and ABA cladding is related to cladding
speed (average A and B cladding speeds in ABA) and intertrack distances.
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It has been shown that increasing the speed of the B clad from 1 m/min to 2 m/min (using
an average cladding speed of 1.3 m/min) can reduce the total material waste from 12.1 kg/m?
to 4.4 kg/m?2. It not only results in significant reductions in the amount of expensive materials
that will be removed/escaped, but also in a reduction in the overall processing time as a result
of the high cladding speed of B clads. ABA cladding enhances the volumetric coverage rate
while reducing waste material and processing time, which enhances the overall productivity

of the process by making it a viable cladding technique for industrial applications.

8.5.5 Cross section geometry

Industry attempts to produce an ideal clad track geometry in industrial applications. For an
ideal clad track shape, the clad should have low dilution but enough adhesion, sufficient clad
height (application dependent), wide clad, flat top surface geometry that does not require
further post-processing, and perpendicular sides. While these factors are considered ideal, it
is not possible to produce the ideal clad track. The principal research question is what sort
of clad geometry can we achieve that is close to the ideal clad geometry. In real life
circumstances, it may be possible to achieve low dilution, a suitable clad height, and wide
clad tracks by modifying the processing parameters; however, the actual real clad requires
post-processing work in order to achieve the desired final product. In the engineering field,
these factors are extremely important since there is an ongoing effort to reduce the cost of
engineering parts. The purpose of this section is to provide further information on the ABA
cladding in regarding of the cross section geometry of the clad. In the Figure 8.16, an
illustration is shown of single and overlapped clads in their ideal and actual states.

Ideal
: single clad track w

Actual Actual overlapped
Additive clads
Base
material 1deal overlapped clad Actual overlapped clads
tracks after post-processing

Figure 8.16 An illustration of the ideal and actual situation of single and overlapped clads
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8.5.5.1 Effect of the cladding speed

The Figure 8.17 depicts the traditional AAA cladding with A clad speed of 1 m/min, ABA
with A and B clad speed of 1 m/min, and ABA with A 1 m/min and B 2 m/min. The samples
were conducted at a distance of 1.05 mm between tracks. According to the figure, during the
traditional AAA cladding, the deposition rate was low at 0.71 kg/h, the catchment efficiency
was low at 47.36 %, and the surface waviness was moderate at 343 um, which was close to
being flat. The volumetric coverage rate was 24.6 mm3/sec and the total material waste was
15.37 kg/m?. Comparing AAA and ABA with the same process parameters, increased
deposition rate to 0.87 kg/h, increased powder catchment efficiency to 58.13 %, and high
surface waviness of 527 um with a convex B clad shape geometry. When the same process
conditions are used in both AAA and ABA, volumetric coverage rates were 30.27 mm?®/sec,
which indicates an increase in coverage rates. Increasing the B clad speed from 1 m/min to
2 m/min, faster average cladding speed, overall deposition rate at 0.86 kg/h and overall
powder catchment efficiency 57.8 % remained constant and higher than AAA cladding. With
an increased B clad speed, there is a significant reduction in surface waviness at 89 pm.
Despite the fact that the total volumetric coverage rate remained constant (from 30.27
mm?/sec to 30.1 mm?/sec), the total material waste decreased from 14.86 kg/m? to 8.16
kg/m?, indicating that with increased B clad speed the same volume of clad can be deposited

with saving 50% of material.

AAA ABA ABA

AAA Average
. H speed 1 1 1.3
A: 1 m/min (min)
Deposition
rate (kg/h) 0.71 0.87 0.86
Powder
catchment 47.36 58.12 57.8
ABA efficiency (%)
A: 1 m/min Surface
. . waviness 343 527 89
B: 1 m/min (micron)
SpL:g:ill(; N Flat Convex Flat
Volumetric
| coverage rate 246 30.27 30.1
ABA (mm3/sec)
A: 1 m/min Total material
B' 2 m/m|n waste (kg/m?) 15.37 14.86 8.16

Process time

(him?) 15.87 15.87 1.9

Figure 8.17 The cross-section images of AAA and ABA cladding with same and increased B clad speed. The
productivity factors listed in the table.
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8.5.5.2 Effect of the inter-track distance

The Figure 8.18 illustrates cross-sectional images of ABA cladding with different inter-track
distances with the same average cladding speed. The productivity factors are listed in the
table below. As can be seen in the figure, the B clad surface profile has a convex shape when
the distance between the tracks is narrow. By increasing the inter-track distance, a flat
surface profile can be achieved with a decrease in surface waviness, process time, and a
reduction in total material waste. However, as the intertrack distance is increased further, the
surface profile geometry changes from flat to concave, resulting in increased surface

waviness and increased total material waste.

_ Inter-track 135 15 1.65
distance (mm)

ABA, A: 1 m/min, B: 2 m/min Average 13 13 13
speed (m/min)

Deposition
rate (kg/h) 0.87 0.96 0.86

Powder
catchment 64.44 58.35 57.63

efficiency (%)

1.35 mm

IS
e Surface
(o] waviness 311 120 307
~— (micron)
Suﬁgce Convex Flat Concave
profile
IS Volumetric
€ coverage rate 30.39 33.56 30
8 (mm?%¥sec)
Al Total material
waste (kg/m?) 11.84 442 8.93
Process time 925 8.33 757

(h/m?)

Figure 8.18 The cross-section images of ABA cladding with different inter-track distances. The productivity
factors listed in the table.
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8.6 Corrections for chapter VI and VII.

A subchapter has been added to the general discussion chapter where updated versions of
graphs are included and explained, which were not included in previous papers. This is due
to the fact that the last paper contains the correlation position of meltpool and powder stream
/ laser beam. The papers have, however, already been published and have been accepted by

journal editors who are professionals in the field.

8.6.1 Corrections in chapter VI.

8.6.1.1 Correction for Figure 6.5

The liquid flows forward in AAA and ABA cladding, whereas in single A cladding, the
liquid lags behind the laser beam. Figure 6.5 solely represents the differences in meltpool
shapes among A, AAA, and ABA cladding. It does not include the location of the laser beam

and meltpool shapes. The corrected version of the graph illustrated in Figure 8.19.

| =—A, 0.7 m/min

| =——AAA, 0.7 m/min, 2 mm
| ABA, 1 m/min, 2 mm

| - - - Laser beam

Meltpool area:
A: 27.35 mm®
AAA: 27.94 mm®
ABA: 29.13 mm?

’g Powder catch.:

g A% | e
< | AAAI61%

o ABA: 98%

£ ‘

T S5 S S 1 7 i

o :

8 | —

-8 7 6 5 -

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

x coordinate (mm)

Figure 8.19 Melt pool shapes (plan, or top view i.e. mapped in the plane parallel to the substrate surface) for
different laser cladding interaction types. In these maps the part of the melt pool at the bottom of the figure is the
front, or leading edge, of the melt pool. (i.e.. The melt pool is portrayed as moving downwards along the y axis in
this figure). The laser beam (shown as a dotted circle) is centred on the x,y 0,0 point. The information on the top

right gives details of the process speed and inter-track separation distance.
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8.6.1.2 Correction for Figure 6.6 and Figure 6.7

Figure 8.20 shows the meltpool and laser beam positions for Figure 6.6 and Figure 6.7

Furthermore, a-b) High speed image frames, c-d) plain view of the meltpool and laser beam
in AAA and ABA Cladding

y coordinate (mm)

RRRR Laser beam

—— AAA, meltpool shape
- - - Laser beam

x coordina

c)

te (mm)

y coordinate (mm)

Ml Laser beam i

-

. . CTET Al
e aantt :

74 ——— ABA, meltpool shape

- - - Laser beam

x coordinate (mm)

d)

Figure 8.20Interaction Between the Laser Beam and Meltpool in AAA and ABA Cladding, a-b) High speed image
frames, c-d) plain view of the meltpool and laser beam.
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8.6.1.3 Correction for Figure 6.8
Figure 8.21 shows the corrected meltpool locations and laser beam position for Figure 6.8.
Melt pool maps for AAA and ABA cladding with increasing inter-track distances.

- . 84 N . 81
AAA cladding ABA cladding e
0.7 m/min 7 '\ 0.7 mm/min !
—_—2mm 1 —_—2 mm
—_—2.8mm N \E ——28mm
5
3.6 mm q \\ 3.6 mm
—4 mm 1 '\ | ——4mm
e Laser beam | // ) \\ € |-+ Lager beam
£ | 3 £
2 \K e \ ,,,,,, 2
5. O\ ES R 5
S NN 4 % S
§ . . \ \\ . . . § ‘ .
—~8 7 B 5 4 3 ‘:2\' \\ 1 E ] 8 =8 7 B 5 4
.2 W
34

Figure 8.21 Melt pool maps for AAA and ABA cladding with increasing inter-track distance.

8.6.1.4

Figure 8.22shows the corrected meltpool locations and laser beam position for Figure 6.11.

44
x coordinate (mm)

a)

Correction for Figure 6.11

' 44 i
x coordinate (mm)

b)

Melt (plan view) for ‘A’ tracks as a function of process speed.
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Figure 8.22 Melt (plan view) for ‘A’ tracks as a function of process speed




8.6.1.5 Correction for Figure 6.14
I excluded the laser beam from the graph to emphasize the correlation between meltpool
shapes rather than their relationship to the laser beam. The graph only illustrates shape

differences, not the meltpool's location relative to the laser beam. It's important to note that

the meltpool isn't smaller than the laser beam; instead, it flows forward.

10 . .
Meltpool area: ABA, 2.8 mm Meltpool area: ABA, 3.6 mm
0.7 m/min: 32.63 mm* 97 ——0.7 m/min 0.7 m/min; 32 mm’ ——0.7 m/min
1 m/min: 30.14 mm® g\ 1mmn 1 m/min: 32.56 mm’ Tmmin i
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E Powder catch.: j o \ E Powder catch.: \ ]
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x coordinate (mm) x coordinate {mm)

a) b)

Figure 8.23 The melt pool shapes, areas and powder catchment efficiencies for the samples shown in Figure 6.12
and Figure 6.13.

8.6.2 Explanations in chapter VII.
8.6.2.1 Explanation for Figure 7.3
In Figure 7.3 plan views of melt pools in single track ‘A’ cladding as a function of cladding
speed. The position and size of the powder stream is indicated as a dotted circle. ‘Powder

catchment efficiency from particle mass’ figures is taken from the HSI video analysis.

An illustrative example of a high-speed image frame from A cladding, at a speed of
700mm/min, is provided. In Figure 8.24-a, Frame 1 is displayed, Figure 8.24-b represents
Frame 10, and Figure 8.24-c depicts Frame 20. In these frames, three distinct particles are
highlighted with different colors (red, yellow, and blue) for easy identification. These images
clearly show that these particles come into contact with the substrate in front of the meltpool

and are deflected in various directions.
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b)

Figure 8.24 An illustrative example of a high-speed image frame from A cladding, with a speed of 700mm/min, is
presented. In Figure a, Frame 1 is shown, Figure b corresponds to Frame 10, and Figure c illustrates Frame 20.
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8.6.2.2 Explanation for Figure 7.7
In Figure 7.7 plan views of melt pools for ‘AAA’ cladding as a function of inter-track

distance. The position and size of the powder stream is indicated as a dotted circle.
According to what was previously stated:

From Figure 7.3 and Figure 7.6 it is clear that the powder catchment efficiency of the ‘AAA’
process (61.5% - 73%) is lower than that of single track ‘A’ cladding (75.5% - 76%) at the
same cladding speed (0.7m/min). It can also be seen in Figure 7.7 that the direction of travel
of the ‘wasted’ powder particles is heavily biased towards the right-hand side. This makes
sense because the ‘shoulder’ of the previous solidified track is an inclined surface will tend

to deflect particles towards the right.

An illustrative example of a high-speed image frame from AAA cladding, featuring an inter-
track distance of 2 mm and a speed of 700mm/min, is provided. In Figure 8.25-a, frame 1 is
displayed, Figure 8.25-b represents frame 10, and Figure 8.25-c depicts frame 20. Within
these frames, three distinct particles are highlighted with varying colors (red, yellow, and
blue) to facilitate ease of identification. The images clearly demonstrate that these particles
make contact with the previously deposited A track shoulder and subsequently rebound in

the rightward direction.

When we initially wrote the paper, our primary assumption was that in ABA cladding,
powder particles would reflect back to the meltpool from the A-clad shoulders. However,
after conducting a more detailed analysis of the data and videos in the subsequent chapter
and publishing our next paper, we came to the realization that the primary factor explaining
the improvement in powder catchment efficiency in ABA cladding is the meltpool pouring
forward, creating a greater overlap between the powder stream and the meltpool. Therefore,

the initial statement is no longer accurate in light of our latest research findings.
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b)

Figure 8.25 An illustrative example of a high-speed image frame from AAA cladding, with an inter-track distance
of 2mm and a speed of 700mm/min, is presented. Figure a) displays frame 1, b) corresponds to frame 10, and c)
illustrates frame 20.
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9 Chapter IX. General conclusion and Future work

9.1 General conclusions

This thesis is primarily concerned with blown powder laser cladding. A major objective of
the PhD was to reduce the cost (high productivity) of engineering parts with the required
surface characteristics (high quality). The information can be summarised and consolidated

into the below key findings:

The thesis provides guidelines and advice for researchers and engineers in the field of laser
cladding and related Direct Energy Deposition (DED) techniques, to help establish a
standardised approach to quality assessment and productivity metrics. Factors considered
are; deposit geometry, porosity, cracking, dilution, build-up/coverage rate and powder
catchment efficiency. The following guidelines were addressed for laser cladding and related
DED processes. (1) Research into individual clad tracks is of minimal industrial relevance.
(2) Fluctuations in clad surface height should be as small as possible to minimise post-
cladding machining and areas with insufficient clad material. Height fluctuations should be
measured in two orthogonal directions to find the waviness (Rw). (3) Porosity should be
minimised and, if possible, eliminated. (4) Cracks should be eliminated (small cracks are
generally no better than large cracks). (5) Measure average dilution by the area method. (6)
Average dilution should usually be in the target range 3-5% but there are case-specific
exceptions. (7) Production time should be minimised within the constraints of adequate
quality. (8) Coverage or build-up rate should be maximised within the constraints of required
clad thickness. (9) Coverage rates should be given as a compound metric of the form X
mm?/unit time x Y mm (thickness). (10) Powder capture efficiency (Epc) should be

maximised and should be a major metric for industrial process validity.

Furthermore, the thesis provides quantitative information about the paths taken by powder
particles which enter and do not enter the laser generated melt pool during laser cladding
(DED). A proportion of the powder is ‘wasted’ by bouncing off the solid areas surrounding
the melt pool. This wastage reduces the productivity of the process. Specially developed
software was used to analyse High Speed Imaging videos of the cladding process, to monitor
the directions of powder particle flight towards and away from the melt pool area. In both
these techniques the melt pool surface is the collection area for the cladding powder and the
shape of this pool can be affected by several parameters including cladding speed, inter-track

spacing and type of cladding technique.
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This information has been correlated to the geometry and position of the melt pool zone for
three different cladding techniques; single track cladding (A tracks), standard overlapping
track cladding (AAA cladding) and a recently developed technique called ABA cladding.
The experimental and analytical work presented here confirms the following conclusions
within the parameter set used; (1) Powder catchment efficiency is an important metric for
laser cladding and associated DED processes. (2) There is a substantial difference between
the melt pool shape and the powder catchment efficiency of the initial track and subsequent
tracks in AAA cladding. (3) The ‘subsequent’ tracks in AAA cladding have an asymmetrical
melt pool shape as a result of the overlap of one track with the previous one. This asymmetry
exposes more solid material to the incoming powder stream which decreases the powder
catchment efficiency of the process. (4) The results show that the melt pool geometry, and
particularly the overlap between the melt pool and the incoming powder stream, have a
strong influence on powder catchment efficiency. (5) An increase in inter-track distance can
improve powder catchment for AAA cladding but has no clear effect on ABA cladding
powder catchment. (6) Increasing cladding speed has a surprisingly small effect on weld
pool size or powder catchment efficiency, although it has a substantial effect on clad layer
cross section (reduced speeds result in thicker clad layers). (7) ABA cladding offers a
substantial improvement in powder catchment efficiency over AAA cladding and also
eliminates the initiation anomalies common to AAA cladding. (8) ABA cladding was found
to have considerably better powder catchment efficiency than standard AAA cladding and
this improvement can explained by consideration of the geometries and positions of the melt
pools and surrounding solid material in each case. (9) As powder costs are an important
factor in industrial laser cladding, the adaption of the ABA technique, and/or control of
pool/powder stream overlap (for example by making the powder stream not coaxial with the

laser beam) could have a beneficial effect on the profitability of the process.

Additionally, the thesis provides quantitative information regarding ABA cladding with
altered B cladding speeds and inter-track distances. Based on the experimental and analytical

results presented here, the following conclusions can be drawn:

(1) Increasing the B clad speed in ABA cladding does not affect the deposition rate or powder

catchment efficiency.

(2) A narrow inter-track spacing could result in a floatable meltpool geometry, which would

improve powder catchment efficiency and deposit rate.
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(3) By increasing B clad speed, a significant reduction in surface waviness can be achieved,
resulting in a uniformly flat clad surface. It is evident from the results that the total
volumetric coverage rate remained constant, but the total material waste decreased
significantly, indicating that with increased B clad speed the same volume of clad can be
deposited with significant material savings, thereby making ABA an appropriate cladding

technique for industrial applications.

According to the results presented above, the powder catchment efficiency is completely
determined by the overlap between the powder cloud and the melt pool. The laser cladding
industry should maximize this overlap since powder catchment efficiency is a significant
factor in laser cladding profitability. In order to achieve higher power catchment efficiency,
it may be beneficial to use side powder feeders that apply powder directly to the meltpool

by adjusting the position of the powder stream.

9.2 Future work and industrial applications

It would be beneficial in the future to address some of the questions raised by the research

presented in this thesis. To summarize, the following research directions are suggested:

According to the results presented above, the powder catchment efficiency is completely
determined by the overlap between the powder cloud and the melt pool. The laser cladding
industry should maximize this overlap since powder catchment efficiency is a significant
factor in laser cladding profitability. In order to achieve higher power catchment efficiency,
it may be beneficial to use side powder feeders that apply powder directly to the meltpool
by adjusting the position of the powder stream. It may also be possible to adjust the powder
cloud position in order to ensure that every particle is directed into the melting pool in
addition to developing different coaxial feeder geometries. The Figure 9.1 below represents
the traditional AAA cladding with a coaxial powder feeder and a modified side powder

feeder.

The ABA technique has this effect without question; however, it may also be beneficial to
introduce a spatial lag between the front of the laser beam and the powder cloud. Lags are
not appropriate in all cases because they interfere with the ability to perform equally well in
all directions of x and y. Although this is the case, a great deal of industrial cladding is
arranged in overlapping straight lines which are or may be arranged in the same direction
(e.g., spiral overlaps on tubes or parallel lines on flat surfaces). There is also potential to use

different beam shapes to optimise the overlap between powder cloud and melt pool.
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S,

Coaxial E Modified side

powder feeder powder feeder

Figure 9.1 Traditional AAA cladding with a coaxial and with modified side powder feeder.
Further exploration could be made into the use of ABA cladding for the purpose of cladding
a structure using multiple materials (more predictable local metallurgy). By using a cheaper
first or inner layer, production costs can be reduced. Using an inner material, it is possible
to combine incompatible clads and substrates. This Figure 9.2 illustrates the multi-material

laser cladding with different alloys, resulting in a sandwich structure.

Final

layer ~
Inner

layer ~

Base
material

Figure 9.2 An illustration of the sandwich structure resulting from the multi-material laser cladding with different
alloys.

In addition to saving costs on expensive superalloys, this technique could also be used to
clad incompatible clad/substrate combinations where an intermediate layer of 'A' material

separates tracks of 'B' material from the substrate.

Further investigation will be conducted into possible improvements in dilution effects

(dilution uniformity) using ABA cladding.
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11 Appendix A

11.1 High speed image processing code
# -*- coding: utf-8 -*-

Created on Tue Jun 28 09:52:06 2022

@author: dkoti

H

import matplotlib.pyplot as plt
import numpy as np

import cv2

from scipy import ndimage as ndi
from skimage import filters

from scipy.ndimage.filters import gaussian_filter

load packages

from openpiv import tools, pyprocess, validation, filters, scaling

#import math

H*
1
1
1
1
:
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
i
1

plt.close("all™)
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e

--------------------------------------- create high pass filter zz (don't delete the next
5 lines)

rows, cols =616, 1280

crow,ccol = np.int_(rows/2) , np.int_(cols/2)
zz=np.zeros((rows, cols))
zz[crow-150:crow+150, ccol-300:ccol+300] = 1

zz= gaussian_filter(zz, sigma=13)

min_size = 6

# The video feed is read in as a VideoCapture object
cap = cv2.VideoCapture('C:/Users/dkoti/Desktop/Cladding/project3.avi’)

param=np.loadtxt (‘testl.txt")

count=0
# ret = a boolean return value from getting the frame

ret, first_frame = cap.read()

H*

--------------------------------------- load image 0 and label it as imageA
prev_gray = cv2.cvtColor(first_frame, cv2.COLOR_BGR2GRAY)

imageA=np.copy(prev_gray)
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e

------------------ image preprocessing (step 1 but only with one image just to see

how it works)

neighborhood = ndi.morphology.generate_binary_structure(2,2)

local_max = ndi.filters.maximum_filter(np.copy(prev_gray) , footprint=neighborhood)
# plt.figure()

# plt.imshow(prev_gray, cmap='gray', vmin=0, vmax=200)

# plt.figure()

# plt.imshow(prev_gray[400:660,400:600], cmap="gray’, vmin=0, vmax=200)

# plt.figure()

# plt.imshow(local_max , cmap='gray', vmin=0, vmax=200)

# plt.figure()

# plt.imshow(local_max[400:660,400:600] , cmap="gray’, vmin=0, vmax=200)

# pg=np.copy(prev_gray)

#compute background intensity distribution and subtract it
bl0=cv2.blur(np.copy(prev_gray), (3,3)) #denoised(maybe replace with wavelet decomp)
bl0=Dbl0.astype('float32")

bl1=cv2.blur(np.copy(bl0), (45,45)) #treshold map

bl1=Dbl1.astype('float32")

# plt.figure()

# plt.imshow(bl1 , cmap="gray', vmin=0, vmax=120)

# plt.figure()
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# plt.imshow(bl1[400:660,400:600] , cmap="gray', vmin=0, vmax=120)
B=bl0-bl1

# plt.figure()

# plt.imshow(B , cmap="gray’, vmin=0, vmax=60)

# plt.figure()

# plt.imshow(B[400:660,400:600] , cmap="gray', vmin=0, vmax=60)

# fft to convert the image to freq domain

f = np.fft.fft2(B)

# shift the center

fshift = np.fft.fftshift(f)

# apply high pass filter and shift back(we shifted the center before)

f_ishift = np.fft.ifftshift(fshift*zz)

# inverse fft to get the image back hopefully without noise
img_back = np.fft.ifft2(f_ishift)

img_back = np.abs(img_back)

# plt.figure()

# plt.imshow(zz,cmap='"gray’)

# plt.figure()

# plt.imshow(img_back , cmap="gray’, vmin=10, vmax=60)
# plt.figure()

# plt.imshow(img_back[400:660,400:600] , cmap="gray’, vmin=10, vmax=60)
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#compute background intensity, second round
bl0=cv2.blur(np.copy(img_back), (3,3)) #denoised
bl0=bl0.astype('float32")
bl1=cv2.blur(np.copy(bl0), (85,85)) #treshold map

bl1=bl1.astype('float32")

#use threshold value to create particle binary image
pg=np.copy(img_back)

pg[pg>=10*bl1]=255

pg[pg<10*bl1]=0

pg=pg.astype(‘'uint8")

# plt.figure()
# plt.imshow(pg , cmap="gray’, vmin=0, vmax=60)
# plt.figure()

# plt.imshow(pg[400:660,400:600] , cmap="gray', vmin=0, vmax=60)

#counting particles as in:
#https://stackoverflow.com/questions/72118665/particle-detection-with-python-opencv

nb_components, output, stats, centroids

cv2.connectedComponentsWithStats(pg.astype(‘uint8'), connectivity=8)
sizes = stats[1:, -1]
nb_components = nb_components - 1
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# # for every component in the image, you keep it only if it's above min_size
min_size = 6
for i in range(0, nb_components):
if sizes[i] < min_size:
pg[output ==i+1]=0

nb_components, output, stats, centroids = cv2.connectedComponentsWithStats(pg,
connectivity=8)

sizes = stats[1:, -1]
nb_components = nb_components - 1

print(nb_components)

H

------------------------------- END OF IMAGE PREPROCESSING EXAMPLE

# make sure to not delete imageAl!

# the code starts here (think how to name the processing code)

B e --functions used along the

###now write the preprocessing lines as function and check computaion is ok

def twolevelblur(im,c1,c2):
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bl0O=cv2.blur(np.copy(im), (c1,cl)) #denoised(maybe replace with wavelet decomp)
bl0=bl0.astype(‘float32")

bl1=cv2.blur(np.copy(bl0), (c2,c2)) #treshold map

bl1=bl1.astype(‘float32")

return bl0,bl1

def countdrops(im,minsize):

nb_components, output, stats, centroids
cv2.connectedComponentsWithStats(im.astype('uint8'), connectivity=8)

sizes = stats[1:, -1]
nb_components = nb_components - 1
for i in range(0, nb_components):
if sizes[i] < min_size:
im[output==i+1]=0

nb_components, output, stats, centroids

cv2.connectedComponentsWithStats(im.astype('uint8'), connectivity=8)
sizes = stats[1:, -1]
nb_components = nb_components - 1

return(nb_components)

def find_metal_droplets(inputim, fregfilter, g1,92,93,th,minsize):
im=np.copy(inputim)
bl0,bl1=twolevelblur(im,g1,92)
f = np.fft.fft2(bl0-bl1)

fshift = np.fft.fftshift(f)
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f_ishift = np.fft.ifftshift(fshift*zz)

img_back = np.fft.ifft2(f_ishift)

img_back = np.abs(img_back)

bl0,bl1=twolevelblur(img_back ,g1,93)

drops=np.copy(bl0)

#local_max = ndi.filters.maximum_filter(np.copy(drops) , footprint=neighborhood)
drops[drops >=th*bl1]=255

drops[drops <th*bl1]=0

dnumber=countdrops(np.copy(drops),minsize)

#print(dnumber)

return(drops,dnumber)

H

----------------------------------------------------------------- parameters needed for

step 1
thresh=10
91=3
g2=45
03=85

thsize=6

#check if functions work
#drops,dnumber=find_metal_droplets(prev_gray, zz, g1,92,93,thresh,thsize)
#print(dnumber)

#plt.figure()
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#plt.imshow(drops)

Ffemmm e e e parameters needed for

#Optical FLow
of win=24
mask = np.zeros_like(first_frame)

mask[..., 1] = 255

#PIV

winsize = 100 # pixels, interrogation window size in frame A
searchsize = 120 # pixels, search in image B

overlap = 50 # pixels, 50% overlap

dt_piv =1 # sec, time interval between pulses

X, Y = pyprocess.get_coordinates(prev_gray.shape, searchsize,overlap )

not_physical_value=45 #not physical displacemnt in pixels

#variables to store results
particle_number_list=[]
velocity u_list=[]
velocity v_list=[]
particle_size_list=[]
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particle_av=np.zeros(np.shape(imageA))
OF _u_av=np.zeros(np.shape(imageA))
OF_v_av=np.zeros(np.shape(imageA))

mask_of_av=np.zeros(np.shape(imageA))

u2_av=np.zeros(np.shape(imageA))
v2_av=np.zeros(np.shape(imageA))

exclude_av=np.zeros(np.shape(imageA))

OF _u_av_no_filter=np.zeros(np.shape(imageA))

OF_v_av_no_filter=np.zeros(np.shape(imageA))

while(cap.isOpened()):

ret, frame = cap.read()

if ret:
cv2.imshow("input”, frame)
count = count + 1
print(count)

gray = cv2.cvtColor(frame, cv2.COLOR_BGR2GRAY)
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imageB=np.copy(gray)

HHHHH - - - STEP1 find droplet

drops,dnumber=find_metal_droplets(imageB, zz, g1,92,93,thresh,thsize)

# Opens a new window and check results

cv2.imshow("only droplets™, drops)

e e STEP2 optical flow

### the results of optical flow computation are used for the velocity of escaping particles

flow = cv2.calcOpticalFlowFarneback(imageA, imageB, None, 0.5, 3, of _win, 3,5,1.2,
0)

# Computes the magnitude and angle of the 2D vectors
OF _u=np.copy(flow[..., 0]) #pixels
OF_v=np.copy(flowl[..., 1]) #pixels
magnitude, angle = cv2.cartToPolar(flow]..., 0], flow[..., 1])
mask]..., 0] = angle * 180/np.pi
mask][..., 2] = cv2.normalize(magnitude, None, 0, 255, cv2.NORM_MINMAX)
# Converts HSV to RGB (BGR) color representation
rgb = cv2.cvtColor(mask, cv2.COLOR_HSV2BGR)
gim_of=cv2.cvtColor(rgh, cv2.COLOR_BGR2GRAY)
mask_of=np.copy(gim_of)
mask_of[gim_of<=2]=0
mask_of[gim_of>2]=255
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#draw results

# drawof=np.copy(OF _u)

# drawof[mask_of==0]=0

# plt.figure()

# plt.imshow( drawof,cmap="gray’, vmin=-10, vmax=10)

# plt.colorbar()

# Opens a new window and check results

#cv2.imshow("dense optical flow", rgb)

 — oo STEP2 PIV

### the results of PV computation are used for the velocity of central jet

#compute vectors

u0, v0, sig2noise = pyprocess.extended_search_area piv(imageA.astype(np.int32),

imageB.astype(np.int32),
window_size=winsize, overlap=overlap, dt=dt_piv,

search_area_size=searchsize,

sig2noise_method="peak2peak’)
ul, v1, maskp = validation.sig2noise_val( u0, vO0, sig2noise, threshold = 1.05)

u2, v2 = filters.replace outliers( ul, v1, method="localmean’, max_iter=3,

kernel_size=3)
#x,y, u3, v3 = scaling.uniform(x, y, ul, v1, scaling_factor = 1)

# plt.figure()
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# plt.imshow(v2)

# drawpv=np.copy(v2)
# plt.figure()
# plt.imshow( drawpv,cmap='gray', vmin=-40, vmax=0)

# plt.colorbar()

M- - — - m e e STEP 3. velocity
vectors to particles

OF_v_neg=np.copy(OF Vv)*(-1)
## right side (using OF)
mask_right=np.zeros(imageA.shape)

mask_right[:,np.int_(param[1]):imageA.shape[1]]=255

drops_right=cv2.bitwise_and(mask_right.astype(‘'uint8'),np.copy(drops).astype(‘'uint8'))
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#plt.imshow(drops_right)
drops_right=cv2.bitwise_and(drops_right.astype(‘'uint8'),mask_of.astype('uint8'))
#plt.imshow(drops_right)

drops_right[drops_right>0]=1

drops_right_u=drops_right*OF _u

drops_right_v=drops_right*OF _v_neg

## left side (using OF)

mask_left=np.zeros(imageA.shape)



mask_left[:,0:np.int_(param[0])]=255
drops_left=cv2.bitwise_and(mask_left.astype('uint8’),np.copy(drops).astype(‘'uint8'))
drops_left=cv2.bitwise_and(drops_left.astype(‘'uint8'),mask_of.astype('uint8'))
drops_left[drops_left>0]=1

drops_left_u=drops_left*OF u

drops_left_v=drops_left*OF _v_neg

##mask center

H=np.int_(param[2])
mask_center=np.zeros(imageA.shape)
# points to be cropped

roi_corners = np.array([[(np.int_(param[0]), 0), (np.int_(param[3]), H),
(np.int_(param[4]), H), (np.int_(param[1]), 0) ]], dtype=np.int32) #change this

# fill the ROI into the mask

cv2.fillPoly(mask_center, roi_corners, 255)

## center (using PIV)

dim=(imageA.shape[1],imageA.shape[0])

u2 = cv2.resize(u2, dim, interpolation = cv2.INTER_AREA)*0.5
v2 = cv2.resize(v2, dim, interpolation = cv2.INTER_AREA)*0.5
exclude=1+np.zeros(imageA.shape)
exclude[abs(u2)>not_physical_value]=0

exclude[abs(v2)>not_physical value]=0
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drops_center=cv2.bitwise_and(mask_center.astype(‘'uint8'),np.copy(drops).astype('uint8'))

drops_center[drops_center>0]=1
drops_center_u=drops_center*u2*exclude
drops_center_v=drops_center*v2*exclude

# drawpv=np.copy(v2)

# plt.figure()

# plt.imshow( drawpv,cmap='gray’, vmin=-40, vmax=0)

# plt.colorbar()

## center (using OF)

#

drops_center=cv2.bitwise_and(mask_center.astype(‘'uint8'),np.copy(drops).astype(‘'uint8'))

309

# drops_center=cv2.bitwise_and(drops_center.astype('uint8'),mask_of.astype(‘'uint8"))
# drops_center[drops_center>0]=1
# drops_center_u=drops_center*OF _u

# drops_center_v=drops_center*OF v

#merge left, right, center info
mask_drops=drops_left+drops_right+drops_center
drops_U=drops_right_u+drops_left_u+drops_center_u

drops_V=drops_right_v+drops_left v+drops_center_v



#find unique value u,v for each particle
drops_U_1lval=np.zeros(np.copy(drops_U).shape)
drops_V_1val=np.zeros(np.copy(drops_V).shape)

numLabels, labels, stats, centroids

cv2.connectedComponentsWithStats(mask_drops, connectivity=8)
x_list=[]
y_list=[]
v_list=[]

u_list=[]

for i in range(1, numLabels):
#print(i)
component_mask=np.zeros(labels.shape)

component_mask[labels==i]=1

u_values=np.copy(drops_U)*(component_mask)
av_u = u_values[np.nonzero(u_values)].mean()

drops_U_1lval=drops_U_1lval+av_u*component_mask

v_values=np.copy(drops_V)*component_mask
av_v = v_values[np.nonzero(v_values)].mean()
drops_V_1lval=drops_V_1val+av_v*component_mask
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x_list.append(centroids]i,0])
y_list.append(centroids[i,1])
u_list.append(av_u)

v_list.append(av_v )

alpha=0.5

blend= drops_V*alpha+mask_drops*( 1.0 - alpha)

# plt.figure()

# imp=plt.imshow(blend)

# vep=plt.quiver(x_list,y_list, u_list, v_list,color=["red], scale=160)
# plt.show()

# plt.figure()

# imp=plt.imshow(gray,cmap='gray’, )

# vep=plt.quiver(x_list,y_list, u_list, v_list,color=["red], scale=120)

# plt.show()

HRHHHE - m e STEP 4 mass rate

#minimum size in pixel to consider a particle

p_size=2

# number of particles and average velocity in kozpont
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N=countdrops(drops_center,p_size)
N_size=np.count_nonzero(drops_center)
N_u=drops_center_u[np.nonzero(drops_center_u)].mean()

N_v=drops_center_v[np.nonzero(drops_center_v)].mean()

# number of particles and average velocity jobbra
n_right=countdrops(drops_right,p_size)
n_right_size=np.count_nonzero(drops_right)
n_right_u=drops_right_u[np.nonzero(drops_right_u)].mean()

n_right_v=drops_right_v[np.nonzero(drops_right_v)].mean()

# number of particles and average velocity balra
n_left=countdrops(drops_left,p_size)
n_left_size=np.count_nonzero(drops_left)
n_left_u=drops_right_u[np.nonzero(drops_right_u)].mean()

n_left_v=drops_right_v[np.nonzero(drops_right_v)].mean()

#record particle number for each area and for each image in a unique array
particle_array=N,n_right,n_left
print(particle_array)

particle_number_list.append(np.array(particle_array))

#record particle size
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size_array=N_size,n_right_size,n_left_size

particle_size_list.append(np.array(size_array))

#record average velocity for each area and for each image in a unique array
velocity_u_array=N_u,n_right_u,n_left_u

velocity v_array=N_v,n_right_v,n_left v

velocity u_list.append(np.array(velocity u_array))

velocity_v_list.append(np.array(velocity_v_array))

#### FINAL PART: average of velocity

#summing up particles

particle_av=particle_av+mask_drops

#left and right, Optical Flow velocities
OF u_av_no_filter=OF _u_av_no_filter+OF _u

OF_v_av_no_filter=OF_v_av_no_filter+OF v

OF _u_av=0F_u_av+OF_u*(mask_left/255+mask_right/255)*mask_of/255
OF_v_av=0F_v_av+OF_v_neg*(mask_left/255+mask_right/255)*mask_of/255

mask_of _av=mask_of av+(mask_left/255+mask_right/255)*mask_of/255



#to use for average: center values, PIV velocities
u2_av=u2_av+u2*(mask_center/255)*exclude
v2_av=v2_av+v2*(mask_center/255)*exclude

exclude_av=exclude_av+exclude*(mask_center/255)

# Updates previous frame

imageA=np.copy(imageB)

#delete images every 10, to not crash RAM
if count % 10 ==0:

plt.close("all™)

if cv2.waitKey(1) & OxFF == ord('q’):
break
else:
break

## np.array(particle_number_list)

cap.release()

cv2.destroyAllWindows()

## compute averaged quantities
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#conversion factors
M= 0.0175 #mm/px
dt= 1/102400 # seconds
density=8000 #kg/m3

density_air=1 #kg/m3

#velcity in central area

velocity u_list=np.array(velocity u_list)*M/(dt*1000) #m/s
velocity v_list=np.array(velocity v_list)*M/(dt*1000) #m/s
#average velocity

V=velocity v_list[:,0].mean()

#volume of cylinder
r=0.002 #m
h=H*M/1000 #m

vol=np.pi*r*r*h #m~"3

#density inside cilinder
P=np.array(particle_number_list)
NN=P[:,0].mean() # average number of particles

particle_size_list=np.array(particle_size_list)

315



S=particle_size_list[:,0].mean()/NN # average particle size in pixel (area on image)
r_particle=(M/1000)*pow((S/np.pi),0.5) # radius of particle in meters

particle_average_volume=(4/3)*np.pi*pow(r_particle,3) #m3, assuming particle is

spherical
particle_total_volume=particle_average_volume*NN #m"3
particle_volume_fraction=particle_total_volume/vol
air_volume_fraction=(vol-particle_total_volume)/vol

density _av=particle_volume_fraction*density+air_volume_fraction*density_air

#mass flow rate in kilogram per seconds
A=np.pi*pow(r,2)
mass_rate=1000* density_av*A*(-V) # grams per second

print('mass rate ="', mass_rate, ' g/s')

#compute averages, visualize particles

#Optical Flow (left, right)
Uesc=OF _u_av/mask_of av

Vesc=OF v_av/mask_of av
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#PIV (center)
Ujet=u2_av/exclude_av

Vjet=v2_av/exclude_av

#overal U and V
Uesc[np.isnan(Uesc)]=0
Vesc[np.isnan(Vesc)]=0
Ujet[np.isnan(Ujet)]=0

Vijet[np.isnan(Vjet)]=0

U=Uesc+Ujet

V=Vesc+Vijet

#velocity magnitude

VM= (U**2+\/**2)%%0 5

x| = np.linspace(0, VM.shape[1], VM.shape[1])

yl = np.linspace(0, VM.shape[0], VM.shape[0])

XV, yv = np.meshgrid(xl, yl, indexing="xy")

317



H#VISUALIZATION HHH#HHHHHHHHHH

# option 1

#this one is simply plotting the sum of all optical flow computayions.

# it doesn't have a quantitative meaning, but it is usefull to see where particles go for every
configaration

OF_VM= (OF _u_av_no_filter**2+0OF _v_av_no_filter**2)**0.5

plt.figure()

plt.imshow(OF_VM,cmap="gray")

#option 2

#this one plots all the particles found during the processing of the video in one image only.

plt.figure()

plt.imshow(particle_av,cmap='gray',vmin=0, vmax=count/10)

#VECTOR FIELD ######HH#HHHHIHHH

#option 1
#this one overlap average vector field and velocity magnitude

plt.figure()
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plt.imshow(VM)
skip=20

plt.quiver(xv[::skip,::skip],yv[::skip,::skip],U[::skip,::skip],V[::skip,::skip],color=["red"])

#option 2

#this one overlap average vector field and particles
plt.figure()

plt.imshow(particle_av,cmap="gray',vmin=0, vmax=count/10)
skip=20

plt.quiver(xv[::skip,::skip],yv[::skip,::skip],U[::skip,::skip],V[::skip,::skip],color=['red"])

#option 3

#this one overlap average vector field and sum of Optical Flow results (again, only

qualitative)
plt.figure()
plt.imshow(OF_VM)
skip=30

plt.quiver(xv[::skip,::skip],yv[::skip,::skip],U[::skip,::skip],V[::skip,::skip],color=['red"])

#option 4

#this one overlap average vector field (without zero vectors) and velocity magnitude

mask_z=np.copy(particle_av)
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mask_z[mask_z>0]=1

Xf = xv[mask_z.astype(bool)]
YT = yv[mask_z.astype(bool)]
Uf = U[mask_z.astype(bool)]

VT = V[mask_z.astype(bool)]

plt.figure()

plt.imshow(particle_av, cmap='gray',vmin=0, vmax=count/10)
skip=40

plt.quiver(Xf[::skip], Y f[::skip],Uf[::skip],Vf[::skip],color=['red'],scale=120)# width=0.001,
headwidth=4)

#parameter explanation for quiver plot

#https://matplotlib.org/stable/api/_as_gen/matplotlib.pyplot.quiver.html

plt.figure()
plt.imshow(particle_av, cmap="gray’,vmin=0, vmax=count/10)
skip=40

plt.quiver(Xf[::skip], Yf[::skip],Uf[::skip],Vf[::skip], np.arctan2(Uf[::skip], Vf[::skip]),
scale=120)

plt.colorbar()

#coloring vectors with angle values:

https://stackoverflow.com/questions/40026718/different-colours-for-arrows-in-quiver-plot
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