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Abstract 
This thesis is regarding the use of a laser beam to deposit material. Phenomena in 
two processes, laser beam welding with filler wire and blown powder directed 
energy deposition (DED) also known as laser metal deposition (LMD)1, are 
discussed. High-speed imaging is used as a central tool, supported by 
cross-sectional macrographs, surface images, X-ray images, computed 
tomography scans and quantitative analysis of the acquired results to observe many 
phenomena. Several results generated could be used in the manufacturing 
industry. 

A novel concept of feeding the filler wire off-axis to the joint in laser beam 
welding is presented. The formation of defects called undercuts depended mainly 
on the stability of the wire feed and irregular melting of its tip. Process parameters 
played a key role in the robustness of the process, with higher welding speeds and 
laser powers increasing the chance for formation of defects. 

Powder catchment in DED, and the various influencing factors are discussed. The 
position of initial interaction between powder grains and the melt pool plays an 
important role in defining incorporation behaviour. Powder grains can float on 
the surface of melt pool and travel along the direction of surface tension driven 
melt flows before fully incorporating. In high-deposition rate DED, an island of 
unmelted powder can form in the melt pool, depending on the laser beam shape 
and powder feeding configuration used. This island could lead to formation of 
spatter from the melt pool and porosity in resulting clads. Solid oxide skins present 
on the melt pool in low temperature areas can act like a barrier preventing 
complete incorporation of powder grains or possibly causing localised boiling, 
forming spatter. 

For the first time, near-unprocessed material was used as feedstock in the DED 
process. A single large melt pool is formed in the relatively calm process, and 
phenomena like cloud formation while feeding of material and spatter were 
observed. Single and multi-layered deposition resulted in porous tracks and 
delamination from the substrate. While the process is not industrially useable in 

                                                 

1Due to the changed terminology over the years and varying requirements of 
journals, the names directed energy deposition (DED) and laser metal 
deposition (LMD) are used for the blown powder laser deposition process. 
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its current state, it is a step towards processing cheap unprocessed material with a 
laser beam to manufacture low cost parts or for in-situ reduction. 

The roles of material composition and surface conditions of the substrate in DED 
are also presented. Both, the composition and surface condition affect the 
absorption of the laser radiation. Material composition influences the time taken 
for incorporation of powder grains. The size of the melt pool and dilution 
depends on the thermal conductivity of the substrate material. Surfaces that are 
rough or coated with (several sorts of) paint produce wider tracks, with better 
wetting angles as compared to milled or ground surfaces. Coatings like paints or 
cold-galvanising primers do not negatively affect the process. Deposition directly 
on rough or painted surfaces could significantly reduce processing time and the 
resources needed for cleaning before cladding or repair processes. 
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Introduction 

1. Organisation of the thesis 

This thesis is composed of six papers (Paper A-F) as the core research, included 
in the annex, and an introduction to the work. 

The introduction includes the motivation behind the research (Section 2) that 
describes some knowledge gaps leading to the work done and their industrial 
applications. The analysis methods and tools used in the papers are described 
shortly in the methodological approach to the work (Section 4). Section 5 
provides a glance at the abstract and conclusions of the papers. The general 
conclusions of the work included in the thesis and an outlook towards possible 
future work are described in Sections 6 and 7. Sections 2, 4 and 6 explain the 
links between the papers along with common views. 

Section 3, the scientific and technological background, consists of a short 
introduction to laser light, the energy source in the manufacturing processes 
considered, and its interaction with matter. Descriptions of the manufacturing 
methods used in the six papers, laser welding and directed energy deposition 
(DED) (also called laser metal deposition (LMD)), are included with a brief state 
of the art.   

The cover page image is a compilation of frames taken from high-speed videos of 
the deposition processes presented in the six papers, i.e. laser welding with filler 
wire and directed energy deposition. One image was chosen to represent each 
paper: frames showing laser welding with filler wire (top-right), a close look at 
directed energy deposition (top-left), powder island formation during deposition 
(middle-right), deposition of iron ore (middle-left), deposition of copper 
(bottom-right) and deposition on a painted substrate (bottom-left). 

The most significant topics in Papers A - F are presented in figure 1.1. The papers 
discuss the processes and phenomena regarding various aspects of material 
deposition using a laser beam as the energy source.  
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Figure 1.1: Central topics of interest in papers A – F. 

The use of an off-axis filler wire in laser welding with varying gap widths is 
presented in paper A. The stability of the process and the sequence of events in 
the formation of undercuts are observed.  

Paper B takes a close look at powder catchment in blown powder directed energy 
deposition. Different zones for powder catchment based on the position of its 
initial interaction with the melt pool are categorised. Quantitative analysis of the 
speed, distance travelled in the melt and incorporation time of the powder grains 
is presented alongside physical phenomena influencing their behaviour. Further, 
a high deposition rate directed energy deposition process is studied in paper C. 
The formation of an island in the melt pool is observed, its characteristics are 
quantified and resulting effects are discussed. Different routes for powder 
incorporation into the melt pool and reasons for spatter formation are also 
discussed.  
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A novel approach of using near-unprocessed material, like crushed iron ore, as 
feedstock in directed energy deposition is introduced in paper D. Phenomena 
such as melting of powder during feeding, cloud formation and spatter formation 
are studied through high-speed imaging. 

A study regarding directed energy deposition of copper onto various substrate 
metals using a green laser beam is presented in paper E. Powder interaction with 
the melt pool is observed, and a connection is made to the relevant physical 
properties of the materials. Then, the effects of substrate surface conditions in 
directed energy deposition to determine the need for surface cleaning and 
preparation prior to deposition are discussed in paper F. The process was observed 
through high-speed imaging and the morphology and composition of the 
deposited tracks were analysed.  
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2. Motivation of the research 

The aim of the research described in this thesis is to understand the various aspects 
that influence the considered laser based material deposition processes. Simulation 
or calculation based literature exist about several phenomena in the process zone, 
but not sufficient literature is found regarding experimental work or visual proof 
of these phenomena. With laser based processes becoming a substantial part of the 
manufacturing industry, it is significant that the intricacies of the processes are 
understood. Thus, the work included in this thesis is aimed towards supporting 
the manufacturing industry. The work was done in collaboration with various 
universities, institutes and companies in Sweden and the European Union, funded 
by projects VarGa, ÖVERLAG, C3TS and CINEMA. 

For laser welding butt joints, the best scenario is to have perfect edges and zero 
gap width. In reality, this is not the case and the gaps tend to vary along the seam 
to be welded. These gaps can be bridged using a filler material in laser beam 
welding or by using laser-arc-hybrid welding. The work done as part of VarGa, 
a Swedish national project, is presented in paper A. The feasibility of the use of 
filler wire feed in an off-axis manner, not previously available in literature, was 
studied due to limitations of wire positioning when sensors are added. Together 
with system manufacturers for seam tracking and measurement sensors, adaptive 
control of the laser welding process with filler wire was developed. Industrial 
partners and possible users of this technique include the aerospace industry, 
medium sized industrial establishments producing tailored blanks for automotive 
industry and small scale industries. 

Directed energy deposition (DED) has gained interest in the industry for additive 
manufacturing, repair and surface treatment. Funding received from subcontract 
work for the German project AGENT-3D aided the scientific work done in 
paper B. The new understanding about powder catchment in DED is of 
significance in increasing powder usage efficiency and thus possibly decrease costs 
in DED. High-speed imaging of the process with high resolution was also not 
previously seen in literature. 

The goal of the Swedish national project ÖVERLAG was to create surface 
coating solutions for wear resistance with high toughness that could be used in 
manufacturing sectors including agricultural tools and rock drills. High deposition 
rate DED was used as the manufacturing method, which presented several 
advantages and certain limitations. Scientific results obtained regarding the process 
from this project is presented in paper C. 
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To aid small and medium enterprises (SMEs), in the region to understand additive 
manufacturing processes, and possibly implement them is a central aspect of the 
Nordic project C3TS. Additionally, the project aims included the development 
of the processes themselves and attempting the use of new materials and process 
combinations. This project funded papers D and E. 

As part of the C3TS project, crushed metal ore (wastes from the pelletizing 
process of iron ore) was used as the feedstock in the DED process. Though not 
currently industrially useable, a significant first step has been made towards 
depositing near-unprocessed material using a laser beam. The results from these 
trials are presented in paper D, and could aid in development of manufacturing 
routes such as in-situ reduction of ore and production of low cost parts close to 
the sources of materials, i.e. mines. 

Copper has a lot of applications, such as in heat exchangers and moulds. The 
geometries of such structures can greatly benefit from the use of additive 
manufacturing. However, limited literature has been available regarding DED of 
copper, especially with a green laser beam. With new green laser beam systems 
becoming commercially available at high power, manufacturing companies 
processing copper have many new opportunities. As a progression of the work 
done in paper B, paper E investigates deposition of copper onto different 
substrates in the C3TS project. The results obtained can further be adapted to 
other materials with low absorptivity and high thermal conductivity. 

In the Nordic project CINEMA, the focus is on circular economy via eco-design 
and sustainable re-manufacturing. The intention is to develop re-manufacturing 
processes through additive manufacturing together with academic and industrial 
partners, so as to move away from the common practice of the 
‘produce-use-throw’ model. Paper F presents the impact of existing surface 
conditions on the process and results of DED. The results from the investigation 
show a rather minor impact of many substrate conditions, which could lead to 
reduction of processing time and resources required during re-manufacturing of 
parts. 
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3. Technological and scientific background 

This section of the thesis includes a brief background to the most important 
aspects of the six papers and the scientific state of the art for the studied processes. 
It begins with describing the properties of laser light, and its interaction with 
materials. This is followed by introductions to laser welding, additive 
manufacturing and directed energy deposition, along with some aspects regarding 
these processes.  

3.1.  Laser light as a tool 

LASER is the acronym for light amplification by stimulated emission of radiation. 
Lasers are devices for generating highly coherent, monochromatic light that has 
low divergence. High power density (or brilliance) of laser light can be produced, 
enough to melt and vaporise material.  

Laser light is generated by what is called a population inversion in the atoms of 
the active/lasing medium of any given laser. This means that more electrons of 
the atoms are in their excited state rather than their ground state. When these 
excited electrons encounter a photon with energy equal to the difference in 
energy between the ground and excited states of the atom, it is triggered to return 
to its ground state, releasing a photon with the same characteristics as the one it 
encountered. These photons lead more electrons to return to their ground states. 
A pumping method is used to continuously send electrons to their excited states, 
and mirrors at either end of the active medium help in amplification of the light 
emitted. The emitted photons have the same wavelength, direction and phase, 
and are released through one of the mirrors which is semi-reflective.   

Different types of active mediums can be used to produce laser light. The 
wavelength of the light depends on the active medium used. The most common 
high power lasers in the industry today are fibre lasers, CO2 lasers, disk lasers, 
Nd:YAG lasers, and diode (semiconductor) lasers. Different types of high 
powered lasers have been used for the work presented in this thesis. In papers A, 
C and F, fibre lasers with wavelength 1070 nm were used. Diode lasers with 
wavelength 980 nm were used in papers B and D. A green laser with wavelength 
515 nm was used in paper E. Some common laser types and the papers they are 
used in are shown in connection to the electromagnetic spectrum in figure 3.1. 
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Figure 3.1: The electromagnetic spectrum with positions for a few common high power 
laser types and the papers they are used in. 

Laser beams are important tools in the industry, used for several categories of 
processes, such as joining, separating, surface treatment, deposition and 
generating. The type of laser source and characteristics of the laser beam are 
chosen based on the application. For example, beams with high power density 
and focusability are preferred for processes like cutting, while the requirements 
are less demanding for hardening operations.  

The beam shape of the laser beam is defined by the irradiance distribution and the 
phase. Beam shaping is the process of redistributing the irradiation and phase of 
the beam. Some techniques to do this are apeturing, field mapping, beam 
homogenising etc1. Additionally, diffractive, refractive, reflective and holographic 
optical elements are available for achieving the required beam shape. 

The most commonly used beam shapes in laser material processing such as laser 
welding and directed energy deposition are the top-hat and Gaussian beams with 
a single focus2,3. The process characteristics can depend on the beam profiles 
used4,5. During the last decade, several beam shaping optics for high power lasers 
have become available, leading to research regarding their use and influences on 
processes. For example, attempts have been made to use beams with several 
focuses6, hollow (also known as donut) shape7,8 and broad beams in laser 
processing. The theoretical intensity distribution in the cross sections of three 
beam shapes are presented as examples in figure 3.2. 
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Figure 3.2: Theoretical energy distribution in cross sections of different beam shapes 
(a) top-hat, (b) Gaussian and (c) donut. 

Laser-material interaction 

The wavelength of the laser light used in processing and the composition of the 
irradiated material influence the fraction of light absorbed by the material. This is 
called absorptivity. As a result, some materials are easier to process using certain 
wavelengths of laser light than others. The wavelength dependent absorptivity of 
laser light can be seen in figure 3.3 for various materials.  

An example: when using a fibre laser, the absorptivity (in the ideal case and for 
single incidence) in stainless steel is about 30 %, while in copper it is only about 
5 %. The absorptivity in copper increases to about 55 % when using a green laser 
(with wavelength 515 nm)9. Paper E compares the behaviour of different metals 
as substrates for deposition of copper using a green laser. 

 

Figure 3.3: Wavelength dependent absorptivity for different metals in the ideal case, 
adapted from Frostevarg, 201410. 
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In addition to the material composition, the surface condition of the irradiated 
material plays an important role to increase or decrease absorption of laser light. 
It is generally agreed upon that rough surfaces absorb more laser light due to 
multiple reflections11,12 and an increase in surface area13. The effect of this 
phenomenon on different processes can vary. 

The absorption of laser light by materials has a strong connection with the 
temperature of the material. The absorptivity increases linearly with increase in 
temperature until the melting point of the material, after which there is a sudden 
increase of about 100 – 150 % followed again by a linear increase14. 

Oxides, commonly found on surfaces of several metals, can also increase the 
absorption of laser light15. Contaminants such as dust and oil could also influence 
absorption11. Paints on surfaces of metals could increase absorption16. Paper F 
studies the influence of different substrate surface conditions on the process 
behaviour and results of directed energy deposition. 

3.2. Laser beam welding 

Laser beam welding is a joining process that uses a laser beam as the main energy 
source. Different types of joints can be made using the process, for example butt 
joint, lap joint, T-joint etc. In laser beam welding, the materials are melted and 
then allowed to quickly re-solidify together to make a strong metallurgical bond. 
Two modes of laser welding exist: heat conduction welding and keyhole welding. 
Keyhole welding occurs when energy density is greater than 1 MW/cm2. At the 
high intensity, metal vaporises, pushing the keyhole open and leading to multiple 
reflections of the laser light, which in turn increases the absorption of the laser 
light. Heat conduction welding can produce welds with smooth seams and low 
porosity, while the strength of keyhole welding is to have deep penetration17. The 
two modes of welding are schematically described in figure 3.4. 

 

Figure 3.4: Schematic illustrations of a cross section of the two modes of laser beam 
welding (a) heat conduction welding and (b) keyhole welding. 
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The governing process parameters in laser beam welding is laser power, welding 
speed and spot size of the laser beam. Other parameters include position of the 
focal spot with respect to the sheets to be welded, angle of inclination of the laser 
beam (to protect from back-reflections of the beam), shielding gas composition 
and flow etc. 

Bridging the gap in laser beam welding  

The best conditions for a butt joint in laser beam welding is to have a zero gap 
condition with perfectly prepared sheet edges. But, in reality, these conditions 
rarely exist. Generally a small gap is formed between the sheets due to surface 
roughness of the edges to be joined.  

Laser beam welding can bridge gaps in butt joints that are up to 10 % of the sheet 
thickness, or a maximum of 0.2 mm18,19. Cross sections of laser welds on various 
gap widths without filler material can be seen in figure 3.5. It is quite clear that 
when the gap width increases, there is a requirement for reinforcement. 
Reinforcements can be added in the form of powder or wire20. An advantage of 
wire as a filler material is the 100 % usage efficiency. The amount of material to 
be added is calculated based on the volume of the gap, often with an additional 
reinforcement. 

 

Figure 3.5: Cross sections of laser welds made (a) bead on plate and (b-e) with increasing 
gap widths without filler material, adapted from results and images of Lampa et al, 

199618. 

One significant aspect when using filler wire is to ensure the full melting of the 
added material. The positioning of the wire and the laser beam have to be adjusted 
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accordingly21. Generally, direct irradiation of the wire is necessary for sufficient 
melting22,23. 

The wire can be added to the melt pool at room temperature (cold wire) or pre-
heated through resistance or induction heating (hot wire). The process can be 
carried out in multiple layers to bridge bigger gaps in thicker sheets24–27. Another 
possible configuration is the use of hybrid processes, for example a combination 
of laser and arc, called laser-arc hybrid welding. Their use could result in successful 
bridging of wider gaps or welding in fewer passes28,29. 

The complexity of the process increases with the addition of filler material. 
Parameters to be considered should then include wire/powder feed rate, feeding 
direction, feeding angle and position of the material with respect to the laser 
beam30. 

The most common way of feeding filler wire into a laser welding process is in line 
with the seam at an angle between 30˚ and 70˚ to the horizontal. The wire could 
be fed both to the leading or trailing edges of the keyhole. The leading wire feed 
is generally considered better in terms of weld quality and appearance19,31. Deeper 
penetration and a stable keyhole are the benefits of a trailing wire feed32. A 
schematic illustration of the leading and trailing positions of the wire in relation 
to the process is presented in figure 3.6. An off-axis filler wire feeding 
configuration for laser welding is presented in paper A. 

 

Figure 3.6: Laser welding with filler wire in the (a) leading position and (b) trailing 
position 

The mode of material transfer between the wire and the melt pool is also of 
significance. The formation of a ‘liquid metal bridge’, where melt is continuously 
transferred from the wire to the melt pool, produces better surface appearance 
and fewer imperfections, as opposed to droplet transfer22. 

One of the strengths of the many types of laser beam welding processes is the 
possibility to automate them. Seam tracking using different methods have been 
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shown to be effective for laser welding33 with possibilities for gap width 
measurements34 and process control35. 

Defects formed in laser beam welding 

Different types of defects can form during laser welding. Some common defects 
are undercuts, underfill, cracking, porosity and lack of fusion.  

Underfill can be caused by the lack of filler material, evaporation of material and 
expulsion of melt from the root or in the form of spatters from the melt pool. 
Melt pool flows have also been shown to be a reason for underfill36. Underfill can 
happen on both the cap and root of the weld37. It is harmful to the mechanical 
properties of the weld, due to reduced thickness at the joint and possible notches 
in the geometry of the weld38. 

Undercuts are welding imperfections that occur between the formed weld and 
the base material. Due to the morphological implications on the weld, they can 
significantly reduce the strength of the welded joint. Sharp ‘V’ shaped notches are 
considered the most severe.  High temperature gradients and lack of wetting are 
the main reasons for the formation of undercuts. These factors are further 
influenced by other welding parameters39. At high welding speeds, the issues with 
undercuts are increased due to the change in the melt flows and solidification40. 
The different types of undercuts for laser beam and laser hybrid welding can be 
seen in figure 3.7. Reasons for the formation of undercuts in laser welding with 
a filler wire are studied in paper A. 

 

Figure 3.7: The different types of undercuts, adapted from Frostevarg and Kaplan, 
201441. 
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3.3. Additive manufacturing 

Additive manufacturing is one of the fastest growing fields in manufacturing 
today. It can be carried out with the use of several different energy sources, and 
with biological, synthetic or metal feedstock material for a very varied set of 
applications. The common ground to the additive processes is the addition of 
material, usually layer by layer, as opposed to subtractive processes where material 
is removed to form the required geometry. 

Additive manufacturing is to be used as a complement to traditional processes to 
manufacture complex geometries such as topology optimised and hollow 
geometries with tailored infill patterns. These can lead to light weight structures, 
and accumulation of several components into one body after redesign. 

Additive processes have their own limitations regarding resolution of material 
deposition, overhangs, possible wall thicknesses, surface roughness etc. Support 
structures are used when necessary. Additionally, the materials and equipment 
generally used for additive manufacturing are expensive. Appropriate design 
methods are used to overcome these limitations, and to make products 
economically viable42. These processes can be used in supply chains that require 
high flexibility, since no tool changes are necessary when geometries are changed.  

Laser additive manufacturing 

In this thesis, the focus is on additive manufacturing using the laser beam as an 
energy source, and metal powder as the feedstock, i.e. laser additive 
manufacturing.  

There are two main types of laser additive manufacturing. In the first case, 
feedstock in the form of powder is placed on the substrate. The laser beam is then 
used to melt the selected regions of powder, after which a new layer of powder 
is added. This is repeated several times (hundreds to thousands of times depending 
on the part to be manufactured and limitations of the used machine) based on a 
sliced model of the part to be built. It is called laser powder bed fusion (L-PBF). 

In the second type of laser additive manufacturing, the laser beam is used to melt 
material that is fed constantly into the laser beam or the melt pool. Similar to the 
first case, the deposition is done layer based on a sliced computer aided 
design (CAD) model. This is called directed energy deposition (DED). This 
technique is studied in papers B-F, and discussed in the next section. 
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3.4. Directed energy deposition 

Directed energy deposition (DED), also known as laser metal deposition (LMD) 
or laser cladding (for single layers) is carried out by adding material to a laser 
generated melt pool. The material can be in the form of metal wire or powder. 
Many factors regarding the process and results are similar between powder and 
wire, but several differences exist. For example, the material usage efficiency, 
feeding equipment, flexibility, process chain etc. This thesis focusses on blown 
powder DED, different aspects of the process are considered in papers B - F. 

The technique can be used to generate near-net-shaped parts from scratch, for 
repair or re-manufacturing of high value parts, adding functional features to 
existing geometries, for surface coatings43,44 (as laser cladding for wear or corrosion 
resistance) or for modifying surface properties through alloying45. Some examples 
of products built through DED can be seen in figure 3.8. 

 

Figure 3.8: Parts manufactured using blown powder laser additive manufacturing. 
(a) Distribution tube (source: DMG Mori), (b) turbine blade (source: DMG Mori), 

(c) cutting disk for agriculture with laser cladded contour (source: Trumpf) and (d) brake 
wheel with wear resistant layer deposited through extreme high-speed laser deposition 

welding (source: Trumpf) 

The DED process is controlled using a CNC (computer numerically controlled) 
machine or a robot. Though this process is also carried out layer by layer, the 
flexibility in design can be quite large when using a larger number of axes, for 
example with a robot and a positioner. This also reduces the need of support 
structures that are often challenging to remove. When supports are essential, 
methods such as the use of sacrificial layers could make their removal easier46.  

A very wide range of deposition rates can be achieved using the process, and 
depends on the equipment available including laser power and powder feeding 
nozzles. The mass flow rate can be less than a gram per minute47 to over a kilogram 
per minute48. Generally, with a higher deposition rate, the dimensional accuracy 
is lower and the surface roughness is higher49. 
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One of the biggest advantages of the DED process is that it can be used in a hybrid 
setting along with a subtractive manufacturing method like milling. The milling 
actions can be carried out in stages before continuing with deposition with the 
possibility of creating intricate internal geometries with good surface finishes. The 
complete process from design to the finished part is shown in figure 3.9. 

 

Figure 3.9: The process chain from design to part for blown powder directed energy 
deposition (source of images: DMG Mori) 

Feedstock in directed energy deposition 

The feedstock used in blown powder DED is generally gas atomised spherical 
powders. The method is capable of producing spherical powder, which has been 
considered an advantage for good flowablility as well as pure powder50, for high 
value and sensitive applications. Gas atomised powders are available in a large 
variety of materials including various steels, copper, aluminium and titanium 
alloys. 

Many attempts have been made to use powders that are cheaper, to make the 
process more economical. The use of water atomised powders, which have 
varying shapes and coarse surfaces has been reported in several publications51–53. It 
has been possible to feed the powder through powder feeding systems and deposit 
them through DED. The resulting structures can have lower surface roughness 
and lower hardness52. Though the process works, there are reports of inconsistent 
powder flow, formation of pores and loss of certain elements from some regions51. 
Some phenomena seen in the deposition of water atomised powder can be 
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explained by the high absorptivity of laser light by the irregularly shaped water 
atomised powder51. 

Mechanically generated powder by operations such as milling have been used as 
feedstock in DED processes and can be considered viable options54,55.The use of 
this form of feedstock could be used in the re-manufacturing route, where a 
damaged product is milled and repaired using the material from the original part54. 
Images of gas atomised, water atomised and mechanically generated powder are 
presented in figure 3.10. The use of near unprocessed material as feedstock is 
considered in paper D. 

 

Figure 3.10: (a) gas atomised powder56, (b) water atomised powder53 and (c) mechanically 
generated powder54 from literature. 

Reuse of spill powder (waste powder from previous process runs) in the process 
have also been studied. The spill powder had more irregular mean particle shape 
and higher oxygen content. They also have to be sieved before reuse to remove 
agglomerates57. The structures built with the reused (along with fresh) powder 
showed similar tensile strength but lower elongation when the fraction of reused 
powder was over 50 %58. Figure 3.11 shows images of fresh powder, spill powder 
and an agglomerate formed during processing. 

 

Figure 3.11: (a) Fresh powder58, (b) spill powder58 and (c) an example of an agglomerate 
in the spill powder57 from literature. 
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Powder feeding  

Metal powder is fed into the melt pool through a nozzle. Powder can be fed 
either laterally or coaxially to the laser beam. The lateral nozzles add powder to 
the melt pool from one side of the process, making the process direction 
dependent. The coaxial nozzles on the other hand feed powder coaxially to the 
laser beam through a ring-slit or through multiple holes. This gives the nozzles 
omnidirectional processing capabilities. The two types of nozzles available can be 
seen in figure 3.12. 

 

Figure 3.12: The external appearance of the two main categories of nozzles available for 
directed energy deposition (a) lateral nozzle and (b) coaxial nozzle 

(source: Fraunhofer IWS) 

Figure 3.13 shows high-speed imaging frames from videos of DED processes 
using lateral and coaxial nozzles. The spread of the fed powder is a lot wider for 
the lateral nozzle as compared to the coaxial nozzle. Generally, coaxial nozzles 
have higher powder usage efficiency as compared to lateral nozzles59.  

In case of the coaxial nozzle, the laser beam and the shielding gas travel through 
a central hole in the nozzle. The powder carried by the carrier gas is fed through 
a slit or powder feeding holes towards the melt pool. The nozzles usually have a 
fixed stand-off distance from the substrate, designed while keeping the application 
and resulting temperatures in mind. An illustration of the cross section of a coaxial 
nozzle and a multi-material system for DED is presented in figure 3.14. 
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Figure 3.13: Frames from high-speed imaging of DED processes using (a) a lateral 
feeding nozzle and (b) a coaxial feeding nozzle with powder flows indicated by dashed 

lines. 

 

Figure 3.14: A cross section of a coaxial nozzle and the Laser Metal Deposition process, 
also describing the possibility of multi-material deposition, from Brueckner et al., 201760. 
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Process zone in directed energy deposition 

The melt pool and the area immediately surrounding it where there is laser 
beam-material interaction, solidification of substrate or deposited material and 
significant heat transfer can be considered as the process zone in directed energy 
deposition. Many important phenomena occur in the process zone including 
heating and melting of the fed powder grains, their incorporation in the melt 
pool, melt pool flows, melting of base material and solidification of the deposited 
material. 

The main processing parameters governing DED include laser power, spot size, 
cladding speed, powder feed rate and gas flow rates. During multi-layer builds, 
there is an accumulation of heat, leading to the increase in the melt pool size and 
depth61. 

For the powder grains to be absorbed or incorporated into the clad, at least one 
among the powder grain or the region of the substrate it interacts with has to be 
molten62. The powder grains arriving at the surface of the substrate or the melt 
pool may have interacted with the laser beam. Depending on the interaction time, 
this may be negligible, enough to heat the grain, or enough to have melted it43. 
Powder grains that arrive at the melt pool in the solid state need to overcome the 
forces of surface tension and be heated to their melting point before fully mixing 
with the melt. The time taken can be under 1 ms to multiple milliseconds 
depending on the size of the powder grain43,63. It has been shown through 
mathematical modelling that the temperature of the powder grains increase at a 
very high rate when they are in contact with the melt and have been engulfed by 
it, in comparison with only heating by the laser beam64.  Paper B and C take a 
closer look at powder incorporation in the DED process. 

Temperature gradients and resulting surface tension gradients can cause a melt 
flow called the Marangoni flow, where melt flows from regions of low surface 
tension to regions of high surface tension. In the melt pool, the direction of this 
flow is material dependent and can be strong enough to carry powder grains that 
have not melted43. The Marangoni flow influences the melt pool shape and thus 
also the depth of dilution65. An illustrative example of surface tension driven flows 
in the melt pool can be found in figure 3.15. 
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Figure 3.15: Illustration of surface tension driven flows during DED of Inconel 718 from 

Lee et al., 201466. 

Dilution is the mixing of the substrate material with the deposited material. While 
a metallurgical bond formed between the track and the substrate is positive, 
melting and mixing of large amounts of substrate materials can affect the 
properties of the deposited material negatively. Dilution between layers in 
directed energy deposition can be kept quite low due to the low heat input43 as 
compared to the use of some other energy sources like plasma or arc.  

Multi-material processing is possible with blown powder processes by depositing 
on a different base material or by varying the composition of the fed metal 
powder67. Material gradients can be produced by gradually changing the 
composition of the metal powder fed into the melt pool, easily achieved by using 
powder feeders with multiple hoppers filled with different materials. Boundaries 
with low/no material mixing can also be produced for functional reasons or as 
buffer layers to reduce stresses60. Deposition of copper on various substrate 
materials is observed in paper E. 

The heat transfer from the melt pool depends on both the thermal gradient down 
to the substrate as well as the geometry of the part built44. The processing 
parameters therefore need to be adjusted depending on the part size. This 
phenomenon is also observed in thin-walled structures68. The resulting 
microstructure and residual stresses in parts built through DED depends on its 
thermal history44. It depends not only on the parameters chosen but also the 
cladding trajectories. Pre- and post-process heating can be beneficial to reduce 
residual stresses69.  
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The DED process has been studied under different names for decades through 
both experimental and modelling methods. A few examples of topics that have 
been modelled are regarding powder catchment70, the temperature field71, melt 
pool shape72, clad geometry73, dilution74, fluid convection66 etc. Varieties of 
imaging analyses have also been carried out, including the use of CCD cameras75 
studying powder concentration and thermal cameras71 for process monitoring and 
automation. 

Defects formed in directed energy deposition 

Certain defects can form during processing in DED. Some examples are the 
formation of pores in the volume and the surface, lack of fusion between tracks, 
cracking and oxide formation76–78. These defects can decrease the strength and 
lifetime of the manufactured components. 

Pores can form due to reasons such as moisture evaporation, local voids, 
incomplete melting and lack of fusion. Interlayer porosities can form due to gas 
entrapments79. Some reasons for formation of pores can be deduced through their 
shape and position. They can also form when the overlap between tracks is not 
maintained due to lack of fusion80. Pores in the built structures can be detected 
through x-ray tomography79 and even in-situ through x-ray imaging81 or 
monitoring of the melt pool82  

Cracks can form during solidification of the deposited tracks. They form generally 
as a result of high thermal stresses83, sometimes enhanced due to the composition 
of the melt. For example, a high oxygen content could also lead to crack 
formation near grain boundaries76. Hot cracking can occur due to stress 
concentrations and presence of thin liquid films in interdendritic regions during 
solidification of the deposited tracks84. Some types of cracking can be avoided by 
preheating the substrate85 and maintaining a certain temperature during 
processing, followed by controlled cooling. 

Spatter can also form during DED86,87. It leads to the loss of material and can also 
result in bad surface finish of the deposited material. The formation of porosity 
and spatter in the DED process is discussed in paper C.  
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4. Methodological approach 

Deposition of material in wire and powder form using laser beams was studied in 
the six papers using several tools and analysis methods. The central methods and 
the papers they are used in are presented in figure 4.1. A short introduction to 
each of them is provided in this section of the thesis. 

 

Figure 4.1: Overview of the main methods used in papers A – F. 

4.1.  High-speed imaging 

The main tool used for observation in the six papers was high-speed imaging. 
Videos were carefully captured after choosing the region of interest and 
determining the extractable information. As a first step, the videos were played 
back slowly, to observe general process characteristics 

High-speed imaging is a technique of taking photographs very quickly in order 
to capture events that cannot be observed by the human eye, or through a regular 
camera. The aim of a high-speed photo is to simply freeze a frame, with little or 
no blur, by using very short exposure times. This technique is used by 
photographers, for example, to capture splashing of liquids. A high-speed video 
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is made by continuously capturing a number of high-speed photographs, revealing 
the details of any motion captured in the frame. To capture a high-speed video, 
it is both needed to freeze a frame, and to continue freezing the next frames with 
very short gaps of time in between.  

Over time, different mechanical and electronic techniques have been developed 
for high-speed imaging. High-speed cameras these days are able to capture 
hundreds of thousands of frames and store them in the camera’s internal memory 
in time as short as a second. The technique has been applied in multiple fields to 
observe fast events.  

Two aspects are necessary for capturing a high-speed video: a fast shutter speed 
(opening the aperture of the camera for a very short time, in microseconds for 
example, and closing it very quickly) and enough light to illuminate the object of 
interest. For lighting, photographers often use strobe lights, producing pulses of 
light at regular intervals. 

An important factor in capturing laser based processes is to block out the 
wavelength of the laser light and process emissions using a filter (for example, a 
narrow bandwidth filter). The laser light is often too bright for anything useful to 
be seen on the video. Since laser light is near-monochromatic, another laser with 
a different wavelength can be used to illuminate the process. Diode laser systems 
for this purpose are available in both pulsed and continuous wave modes.  

Once a high-speed video is captured, it can be played back slowly or analysed 
frame by frame. The melt flows can become visible revealing phenomena that 
cannot otherwise be observed. The difficulty lies in interpreting these videos 
correctly. Through the years, high-speed imaging has been used to observe many 
laser processes and the many phenomena involved. Some examples are the melt 
flows in the keyhole surface88, formation of undercuts41, behaviour of a laser cut 
front89, and ejecting droplets of melt for the purpose of recycling90. Figure 4.2 
shows a frame from high-speed imaging of a laser welding process with filler wire. 
The laser beam cannot be seen in the image, but its position has to be calculated 
in relation to the other elements in the video such as the wire, sheets being welded 
and the melt pool. 
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Figure 4.2: A frame from high-speed imaging of laser welding with a filler wire. 

4.2. Streak imaging 

A method called streak imaging can be applied to analyse high-speed videos, 
where a single row or column of pixels is taken (see figure 4.3(a)) from every 
frame of the video, and arranged next to one another (or below one another) in 
the right order. This way, a specific region of the frame can be observed 
throughout the video in a single picture. This technique is used in paper A to 
analyse the stability of a laser welding process, as well as finding the cause of 
undercut formation. Examples of the use of streak imaging exist in literature for 
the observation of melt flows in a laser generated keyhole88 and the formation of 
undercuts in laser-arc hybrid welding91. Figure 4.3(b) shows a streak image made 
using the column of pixels chosen from figure 4.3(a). 

  

Figure 4.3: (a) Frame from high-speed imaging showing the formation of a droplet on the 
wire tip during laser welding with cold filler wire and (b) streak image (pixel column as a 

function of time) created from the column of pixels selected. 
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4.3. Surface images 

Surface images of welds or deposited clads also present important information 
regarding the process. Due to its simplicity, it is a commonly used technique to 
both document and study the results of manufacturing processes. Surface images 
could be taken either with a regular high resolution camera for an overview, or 
by using an appropriate microscope for a closer analysis at the results. An example 
from literature is using surface images to analyse the colour and gloss of DED 
parts, which was influenced by the atmosphere used during remelting92. 

For welds, surface images can provide information regarding the stability of the 
process, width and possible defects such as undercuts, surface cracks and possible 
underfill. Width of the welds, undercuts and their severity were analysed in 
paper A using surface images. Similarly, they can provide information regarding 
deposition processes. In papers D and E, they were used to observe the surface 
appearance of the deposited clads, and discuss the effects of the substrate and 
feedstock material on the processes. Surface images were used to measure the 
width of the deposited tracks in paper F, giving information regarding the effects 
of the surface conditions. 

4.4. Cross sectional macrographs 

Using cross sections to analyse the resulting welds or deposited tracks is a standard 
practice. Transversal cross sections provide information regarding a single point 
in the process. In welding, information regarding fill, weld cap and root 
morphology, defects such as undercuts, cracks and porosity can be found from 
cross sectional macrographs. This was used in paper A, where the undercuts on 
the edges of the welds were categorised depending on severity. The shape of the 
deposited clads and indications of melt flows were deduced in paper B, and the 
level of dilution was confirmed in paper C. In papers E and F, the cross sectional 
macrographs provided information regarding dilution and cross sectional area 
deposited. Additionally, information regarding track width, height and wetting 
angle was measured for paper F. 

4.5. Quantitative analysis 

Collection and analysis of data is a natural continuation of the methods described 
in sections 4.1 to 4.4. In addition to visually observing various phenomena in the 
processes, high-speed videos can be used to gather a lot of data regarding the 
processes studied. Together with the use of streak images, the speed of waves in 
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the melt pool for high-speed welding was calculated in paper A. In paper B, the 
speed of movement of powder grains in air and in melt, as well as their 
incorporation times in various zones of the melt pool were measured. The size of 
an island formed in the melt pool and its rotation speed were measured in paper C. 
Image processing software such as ImageJ were used to extract the data, which 
was then further analysed using software like Microsoft Excel or Matlab with 
simple code. If a large amount of data is to be analysed, much of the process can 
also be partially or fully automated93. The extracted data can also be used further 
to describe complex mechanisms, for example the influence of temperature 
gradients in the incorporation of powder grains into a laser generated melt pool94. 
Due to the complexities in the blown powder DED process, automating certain 
measurements such as incorporation time of powder grains in the melt have to be 
done manually, as in papers B and E.  

Retrieving information from surface images and cross sectional macrographs is 
more straightforward. For measuring the weld/track width in papers A and F, the 
edges were first manually traced and then analysed using a simple code. Other 
data such as track width, height, wetting angles and areas can simply be collected 
from image processing software, as done in papers C, E and F. In paper E, the 
collected information was further used to determine the lower limit of laser power 
used for the melting of materials when different substrates were used during 
deposition. 

4.6. X-ray imaging 

 

Figure 4.4: Schematic diagram of X-ray imaging, with an example image from 
Näsström et al., 201995 showing the varying thickness of a wall deposited through 

wire-arc additive manufacturing. 

X-ray imaging is a non-destructive testing method that can be used to study 
additively manufactured components. A whole object is placed between an X-ray 
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generator and a detector for analysis. A 2-dimensional (projection) image is 
formed, recorded by the detector, which shows possible internal defects such as 
pores and cracks. The thickness of the defects can be derived from the parameters 
used for imaging together with the colour intensities on the image formed. A 
schematic image can be seen in figure 4.4.  

For single walls, the variation of the wall thickness can be observed81,95. X-ray 
imaging is suitable for inline inspection tasks in applications such as lightweight 
materials, food production and electronic components96. X-ray imaging was used 
in paper F to inspect for porosity in the deposited tracks.  

4.7. Computed tomography 

Computed tomography is another non-destructive testing method that can be 
used to measure both external and internal dimensions of materials from 
3-dimensional models of the entire structure. The technique is often used with 
X-ray imaging to observe internal structures including spatial information and 
density distribution96. Its use for the inspection of additively manufactured parts 
is growing, to both measure external dimensions, as well as internal artefacts like 
pores, cracks and inclusions97,98. Examples of surface reconstruction and porosity 
detection through computed tomography can be seen in figure 4.5. 

 

Figure 4.5: An example of surface reconstruction and porosity detection of a 3D printed 
pipe through CT scanning. (a) Original 3D model, (b) surface reconstruction, where blue-
green colours imply negative difference and yellow-red colours imply a positive difference 

from original model, and (c) porosity detected (blue markings) adapted from Karme et al., 
201599. 

The method could also be used for analysing powders for additive manufacturing 
for internal porosity. One of the challenges is to analyse and use the large amounts 
of gathered data97. Computed tomography was used in papers C and D to analyse 
deposited tracks for porosity. In both papers, it was used to identify the locations 
and size of the formed pores during deposition.  
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5. Summary of the papers 

Paper A: The stability of laser welding with an off-axis wire feed 

Abstract: The concept using an off-axis filler wire during laser welding is 
introduced here in order to provide added process robustness considering gap 
width variations. Its stability is investigated with respect to gap width, welding 
speeds and powers. Geometry of the welds is analysed by tracing of weld cap 
edges and joint cross sections, connecting trends to weld parameters. High-speed 
imaging and streak images are used to further study and describe sequences of 
events, including undercut formation. Formation of imperfections are found to 
be mainly correlated to wire feed position variations at the surface due to irregular 
melting of the wire tip. 

Conclusions: Off-axis wire feeding during laser welding of thin sheets allows 
new opportunities, e.g. for seam tracking arrangements and ability to adaptively 
fill gap widths that vary during processing. From this analysis, the following may 
be noted: 

- Joining 2.0 mm thick sheets using this technique providing acceptable results 
is possible, at processing speeds of up to 8.0 m/min. 

- When the joint gap increases, wire feed rate is also increased to compensate, 
resulting in increased weld cap and decreased weld root widths. 

- Along the weld direction, the weld cap generally varies more on the edge 
side from which the wire is fed, possibly producing a higher degree of 
undercuts. 

- Undercuts form due to a shift of the wire position, related to non-uniform 
melting of the wire by the laser. Depending on type of wire shift, the 
produced undercuts can be elongated or notched. 

- Conditions for notched undercuts happen regularly during processing, but at 
slow welding speeds these are prevented (cavities “repaired”) due to added 
heat and melt flows within the processing region. 

- Observed waves in the melt pool, caused by process instabilities, were found 
to travel at speeds up to 2.3 m/s (138 m/min). 
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Paper B: Powder catchment in laser metal deposition 

Abstract: Laser metal deposition (LMD) of Inconel 718 using a coaxial nozzle is 
investigated by high-speed imaging. The interaction of individual powder grains 
with the laser induced melt pool surface and, finally, their catchment in the LMD 
track is observed. Powder catchment trends are explained by interpreting physical 
phenomena, such as the melt flow and surface tension. Distinct zones for powder 
catchment are categorized depending on the position of initial interaction 
between powder grains and the melt pool. Particles are introduced outside the 
melt pool ricochet and do not attach to the clad. Particles arriving outside the 
laser spot, onto the solidifying skin of the melt pool, are caught, and may 
incorporate. Some particles may remain on the clad surface as surface roughness 
on the built part. Particles interacting with the laser-irradiated region of the melt 
pool tend to move toward its center and readily incorporate into the melt. 
Quantitative analyses of high-speed videos are carried out to measure 
incorporation time of powder grains in the melt pool, their velocity, and distance 
traveled. 

Conclusions: Catchment behavior of powder grains in the LMD of Inconel 718 
using a coaxial ring-slit nozzle was studied through high-speed imaging. 

- Catchment behavior is strongly dependent on the position of initial 
interaction. Three distinct zones for varying behavior are defined. 

- The powder grains floating in the melt pool move toward the center of the 
laser spot, likely to be influenced by the Marangoni flow, which depends on 
the material composition and temperature gradients. 

- Incorporation time decreases closer to the center of the laser beam. 
- Consequently, higher catchment efficiency and better geometrical tolerances 

can be achieved with a well-focused powder stream.  
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Paper C: Powder incorporation and spatter formation in high deposition 
rate blown powder directed energy deposition 

Abstract: A high deposition rate blown powder directed energy deposition 
process is presented. Clad tracks are deposited and the process is observed by high-
speed imaging. An island of unmelted powder forms inside the melt pool, in the 
centre of the laser spot, which can be attributed to the highly focussed powder 
flow and the laser beam configuration used. On contact with the melt pool, the 
powder grains melt to join the melt pool, or they overcome surface tension and 
are engulfed by the melt. Powder grains can also incorporate into a mushy zone 
that may be present on the powder island. The powder island appears to rotate in 
the melt pool and incorporates relatively slowly. The speed of rotation is 
connected to the size of the island, which also depends on the energy density 
used. Spatter can form from the edges of the melt pool or from areas around the 
island when molten metal droplets burst. Frames from high-speed videos are 
presented and reasons for the various phenomena observed are discussed. 

Conclusions: Blown powder directed energy deposition was successfully carried 
out with the process described and observed through high-speed imaging. Due 
to the highly focussed powder stream and laser beam configuration, an island of 
unmelted powder formed in the melt pool (at the centre of the laser spot). Some 
of the powder grains ricochet off the island, resulting in decreased catchment 
efficiency. 

- The characteristics of the island is influenced by the process parameters and 
materials used. High power density, low cladding speed and low deposition 
rate result in a smaller, dynamically moving island. 

- Powder grain incorporation occurs through the melt pool, the powder island, 
or the molten metal droplets formed on the powder island. Time taken for 
incorporation is the longest through the powder island (several ms) due to 
heat conduction through powder grains rather than wet contact with the 
melt. 

- The powder island rotates in the melt pool in cases where its diameter is small. 
The smaller the island, the higher its rotation speed. 

- Spatter occurs from the edges of the melt pool or close to the powder island. 
Molten metal droplets can form, separated from the melt pool by an solid 
(oxide) layer, as these are lower temperature regions. Spatter also forms when 
the droplet bursts due to localised boiling.  
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Paper D: From mine to part: Directed Energy Deposition of iron ore 

Abstract: Purpose: To gain an understanding of the behaviour of iron ore when 
melted by a laser beam in a continuous manner. This fundamental knowledge is 
essential to further develop additive manufacturing routes such as production of 
low cost parts and in-situ reduction of the ore during processing. 

Methodology: Blown powder directed energy deposition was used as the processing 
method. The process was observed through high-speed imaging and computed 
tomography was used to analyse the specimens. 

Findings: The experimental trials give preliminary results showing potential for 
the processability of iron ore for additive manufacturing. A large and stable melt 
pool is formed in spite of the inhomogeneous material used. Single and multi-
layer tracks could be deposited. Although smooth and even on the surface, the 
single layer tracks displayed porosity. In case of multi-layered tracks, delamination 
from the substrate material and deformation can be seen. High-speed videos of 
the process reveal various process phenomena such as melting of ore powder 
during feeding, cloud formation, melt pool size, melt flow and spatter formation. 

Originality/value: Very little literature is available that studies the possible use of 
ore in additive manufacturing. While the process studied here is not industrially 
useable as is, it is a step towards processing cheap unprocessed material with a laser 
beam. 

Conclusions: Directed energy deposition was carried out with waste from the 
iron ore pelletizing process as the feedstock material: 

- Irregularly shaped ore powder can be fed through commercial powder feeders 
and nozzle systems (but such powders might need to be filtered to reduce the 
range of particle sizes). A cloud of ore particles can form between the nozzle 
and the melt pool, leading to irregularities. 

- Single tracks and multi-layered walls can be deposited. 
- A single, large and calm melt pool is formed in spite of the inhomogeneous 

feedstock material. Unmelted powder material can be seen floating on the 
surface of the melt pool. In addition, some powder particles melt on exposure 
to the laser beam during feeding to form spherical droplets before reaching 
the melt pool. 
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- The deposited single tracks were smooth and even on the surface. However, 
a high amount of porosity was present inside the tracks, likely due to 
entrapment of the feeding and shielding gases by the melt pool flows as well 
as degassing of volatile constituents in the ore. 

- Deposition of several layers leads to a non-uniform wall build up. Compared 
to conventional materials, the deposited tracks are weak, leading to cracking 
and delamination. 

- The process is not ready for application but describes the potential for use of 
cheap and near unprocessed powder in laser based additive manufacturing 
processes. Further modifications of the powder or the process might yield 
direct use in industrial applications. 
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Paper E: Laser metal deposition of copper on diverse metals using green 
laser sources 

Abstract: Green laser sources are advantageous in the processing of copper due 
to the increase of absorptivity compared with more commonly available infrared 
lasers. Laser metal deposition of copper with a green laser onto various substrate 
metals namely copper, aluminium, steel and titanium alloy was carried out and 
observed through high-speed imaging. The effects of process parameters such as 
laser power, cladding speed and powder feed rate, and material attributes such as 
absorptivity, surface conditions and thermal conductivity are tied together to 
explain the size and geometry of the melt pool as well as the fraction of the power 
used for melting material. The copper substrate has the smallest melt pool with a 
high angle, followed by aluminium, steel and titanium alloy. The incorporation 
times for powder grains in the melt pools vary based on the substrate materials. 
Its dependency on material properties, including surface tension forces, melting 
temperatures and material density, is discussed. Oxide skins present on melt pools 
can affect powder incorporation, most significantly on the aluminium substrate. 
The lower limits of the fraction of power irradiated on the surface used purely for 
melting were calculated to be 0.73 %, 2.94 %, 5.95 % and 9.78 % for the copper, 
aluminium, steel and titanium alloy substrates, respectively, showing a strong 
dependence on thermal conductivity of the substrate material. For a copper wall 
built, the fraction was 2.66 %, much higher than a single clad on a copper 
substrate, due to reduced workpiece heating. The results of this paper can be 
transferred to other metals with low absorptivity such as gold. 

Conclusions: Laser metal deposition of copper on copper, aluminium, steel and 
titanium alloy substrates was carried out with a 515-nm wavelength laser system 
and observed through high-speed imaging. 

- The copper substrate required the highest power and the slowest cladding 
speed to form a continuous melt pool and clad. Aluminium, steel and titanium 
alloy substrates follow the order of decreasing laser power requirement for 
the same cladding speed. Size and geometry of the melt pool in the process 
depend on multiple physical and thermal factors of the substrates as well as 
process parameters. 
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- Incorporation of the copper powder grains in the melt is very fast and occurs 
within 0.1 ms for aluminium and titanium alloy substrates, but can be 0.2 and 
0.3 ms for the steel and copper substrates respectively. It is affected by a 
complex interdependence of multiple material properties including melt pool 
temperatures, melting temperatures for the various materials, viscosity and 
surface tension–driven forces. 

- The oxide skin present on melt pools can have a strong influence on powder 
incorporation in the case of the aluminium substrate. The scanty oxide skins 
on the melt pools of steel and titanium substrates have little effect on powder 
incorporation. No oxide skin was seen on the copper melt pool. 

- The high angle and small size of the melt pool during deposition on the 
copper substrate along with the longer incorporation time make the 
probability of powder catchment lower than that for the other substrate 
materials. Preheating of the substrate might improve wettability, and thus the 
melt pool geometry and the catchment efficiency. 

- The lower limit of percentage of laser power used purely for melting of 
material was lowest for a single track at 0.73 % (2.66 % in a multilayer build) 
for copper deposition on copper substrate, 2.94 % for the aluminium 
substrate, 5.15 % for the tool steel substrate and highest at 9.78 % for the 
titanium alloy substrate. These values are strongly influenced by the degree 
of absorptance of laser radiation and the thermal conductivity of the materials. 
The remaining power is reflected, scattered or used for workpiece heating. 
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Paper F: Blown powder directed energy deposition on various substrate 
conditions 

Abstract: Blown powder directed energy deposition is carried out on various 
substrate surface conditions such as cleaned, sand blasted, milled, oily, cold 
galvanised and painted to study their influence on the process. High-speed 
imaging is used for process observation and the deposited tracks are analysed 
qualitatively and quantitatively using surface images, cross sectional macrographs 
and X-ray images. Frames from high-speed imaging revealing the removal of 
additional material from the surface such as paint and oil along with the different 
stages involved are presented. EDS analysis showed that no additional elements 
are found in the track volume. The quantitative results show that the surface 
conditions had minor influences on track width, track height, wetting angle, 
dilution and deposited cross sectional area. Defects such as porosity, inclusions 
and cracking were not observed related to the surface conditions. These findings 
could significantly reduce processing time for cleaning before directed energy 
deposition such as laser cladding or repair in industrial applications. 

Conclusions: Blown powder directed energy deposition was carried out on 
substrates with various surface conditions such as rolled, milled, ground, sand 
blasted, oily, painted and cold galvanised. 

- For stainless steel as deposited material and substrate, some variations could be 
seen depending on the surface condition. The variations were minor. 
Depending on the application, the surface condition of the substrate may or 
may not have an impact. 

- Quantitative results regarding dilution and cross sectional area deposited 
showed low variation and no particular trends related to surface conditions of 
the substrate, with standard deviation being 5.28 % and 1.70 % of the average 
values for laser power 3.0 kW respectively. 

- Widest tracks were seen for the cold galvanised, painted, sand blasted and 
rolled (as received and cleaned) specimen. These conditions most often led to 
flatter tracks and low wetting angles. The standard deviation of track width, 
track height and wetting angle were 2.67 %, 2.23 % and 5.93 % of the average 
values for laser power 3.0 kW respectively. 

- Cold galvanising zinc paint, regular spray paint and oil on the surface of the 
substrate evaporate on the edges of the melt pool, and did not interfere with 
the deposition process. The resulting tracks showed no cracks, porosity or 
inclusions. Depositing directly on painted or oily surfaces can reduce 
processing time significantly in industry.
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6. General conclusions of the thesis 

Material deposition using laser beams has been carried out for decades, however, 
many aspects regarding the processes are unclear, or only studied through 
mathematical models. The six papers in this thesis present a new information 
regarding various phenomena in processes with material deposition, i.e. laser 
beam welding with a filler wire and directed energy deposition, gathered through 
experimental work. 

Several factors influence the process of material deposition: 

- Interaction of the fed material with the melt pool in terms of stability, position, 
temperature and direction of melt flows.  
The stability of the welding process depends on the speed and uniformity of 
the melting of the filler wire. The time needed for powder grain 
incorporation and direction of travel until incorporation is based on the 
position of its initial interaction with the melt pool. 
 

- Energy distribution and wavelength of the laser beam used. 
Since absorptivity depends on the wavelength of the laser beam, laser systems 
should be chosen based on the materials to be processed. Further, the 
beam shape of the laser beam should be appropriate for optimal melting of 
(fed and substrate) materials in deposition processes. This should include 
considerations regarding powder flow density distribution or the range of 
wire diameters considered. 
 

- The configuration and properties of material feeding equipment. 
A highly focussed powder stream can improve catchment efficiency in the 
directed energy deposition process. On the other hand, at high-deposition 
rates, there is a risk of forming an island of unmelted powder grains in the 
melt pool, which in turn increases the risk for porosity and spatter formation. 
 

- Material composition and surface characteristics of the substrate/base material. 
The material composition of the substrate/base material influences not only 
absorptivity, but also the energy used for melting of material, which depends 
on the thermal conductivity of the material, further influencing dilution. The 
surface condition of the substrate also influences absorptivity of the laser 
radiation, where rough and coated surfaces (with paint of various sorts) absorb 
more laser radiation than smooth surfaces. 
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- Material composition and morphology of the fed material. 
In addition to absorptivity, the homogeneity and purity of the fed material 
influence the process. Near-unprocessed materials with rough surfaces, while 
showing promising results, display phenomena such as cloud formation while 
feeding, irregularly built structures, porosity etc. 
 

- The governing process parameters 
Process parameters such as laser power, travel speed of the laser beam, mass 
feed rate etc. influence the processes. They should be optimised for the right 
quantity of deposition, dilution, and to avoid defects. 
 

- Oxides 
Oxide skins present on the surfaces of some melt pools can considerably 
influence the chances of complete integration of powder grains in the melt. 
The stability of these oxide skins and their effects on powder incorporation 
vary based on material and their position in the melt pool. They can also 
result in the formation of spatter from the melt pool. 

High-speed imaging is an effective tool to observe laser based deposition processes 
and the phenomena that occur in the process zone. Large amounts of qualitative 
information and quantitative data can be gathered from the recorded videos, 
which help in improving the understanding of the processes observed.
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7.  Future outlook 

Deposition of material using laser beams as the energy source is already being 
carried out in commercial manufacturing. There are, however, several aspects 
regarding these processes that are not yet considered, or not actively used. For 
future research, the following topics can be interesting. 

- Off-axis filler wire feed as reinforcement for laser welding at varying angles 
based on need, with an automated seam tracking system. 

 
- Laser welding with filler wire fed through a coaxial system for welding 

complex geometries, with a study regarding the symmetry of the welded 
joints. 

 
- A continued study of directed energy deposition of cheap or unrefined 

powder for low cost applications.  
 

- A study of high-speed and precision directed energy deposition processes. 
 

- A high-speed imaging study of phenomena during the deposition of large 
scale components, depending on the geometry. Further, developing imaging 
based closed loop control of the process. 
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Abstract 

 

The concept using an off-axis filler wire during laser welding is introduced here 
in order to provide added process robustness considering gap width variations. Its 
stability is investigated with respect to gap width, welding speeds and powers. 
Geometry of the welds is analysed by tracing of weld cap edges and joint cross 
sections, connecting trends to weld parameters. High speed imaging and streak 
images are used to further study and describe sequences of events, including 
undercut formation. Formation of imperfections are found to be mainly 
correlated to wire feed position variations at the surface due to irregular melting 
of the wire tip. 

Keywords: Laser welding, Off-axis wire feed, Undercut, High speed imaging, 
Weld width, Streak imaging 

1. Introduction 

Joining processes are essential in the field of manufacturing. Among the available 
choices, laser beam welding (LBW) is a fast process that also is considered to be 
easily automated. It has high energy density and precision, producing narrow heat 
effected zones. A drawback of autogenous LBW is the tight tolerances for joint 
edges. Lampa et al. (1995) studied the effect of gap width on the laser welding 
process. They showed that when the gap reaches a critical size, about 10 % of the 
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material thickness, the melt available is unable to bridge it. Fig. 1a and b illustrate 
the cross sections achieved by autogenous laser welding with increasing gap 
width. 

 

Fig. 1. Cross section of welds: (a), (b) without filler wire, where (b) has a larger gap prior 
to welding; (c), (d) welds with filler wire, where (d) weld has an undercut imperfection. 

Addition of filler materials reduces the need for high joint tolerances and therefore 
reduce costs. Applications of using filler wires during LBW for thin steel sheets 
has been mentioned since the early 80s, as well as for thick plate multi-pass 
welding up to 50 mm by Arata et al. (1986). Kong et al. (2013) demonstrated 
laser welding of 6.63 mm thick hot crack sensitive high strength steel with a single 
pass. The heat affected zone in laser welding with cold wire was shown to be 
narrower compared to hybrid laser-gas metal arc welding. In hybrid laser-gas 
metal arc welding, there are 2 energy sources: laser and arc, whose characteristics 
and interaction produce more complex thermal cycles, as opposed to laser welding 
with cold wire. Sun and Kuo (1999) concluded that for a butt joint of 2 mm thick 
carbon and stainless steels, a 1 mm wide gap can be bridged, but the need for 
good filler wire control was emphasized. They also consider that wire is 
considered a good method to deposit material to the joint, having 100 % 
deposition compared to e.g. blown powder where material losses occur. Fig. 1c 
illustrates the cross section of a weld with addition of a filler wire for the same 
gap width as in Fig. 1b. 

Other examples of single pass LBW with cold filler wire for various materials and 
thicknesses include; single-pass 6–8 mm thick ship building steel by Huang et al. 
(2016) and 6.63 mm thick high strength steel by Kong et al. (2013). For multi-
pass welding, examples are also extended to; 1.8 mm thick aluminium alloys in a 
T-joint by Tao et al. (2013), 20 mm thick austenitic stainless steel by Jokinen et 
al. (2003), 10–60 mm thick austenitic stainless steel by Karhu and Kujanpää (2015) 
and 16 mm thick AISI 304 L stainless steel in 2G configuration by Sun et al. 
(2017) who also emphasize the need for good filler wire control. 

Different types of seam tracking or gap width measurement methods for adaptive 
control of welding processes are possible. One such system is described by Huang 
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and Kovacevic (2012), which uses a laser based machine vision system for weld 
joint monitoring. Xu et al. (2012) describe an optical vision sensor system for 
seam tracking during the gas tungsten arc welding process. Such a system can be 
used to adjust wire feed speed based on gap volume, optimally position the wire 
and beam during laser welding with cold filler wire.  

Wire can be added in two directions: leading and trailing. Leading feed, i.e. 
feeding the wire into the leading edge of the keyhole is generally chosen. Zhao 
et al. (2016) found that the stability and melting efficiency of the wire in leading 
feed was higher than that of the trailing feed when the wire was inserted into the 
melt pool while welding mild steel. According to Syed and Li (2005), leading 
wire feed and smaller feeding angles produced lower surface roughness in 
cladding. Trailing feed, especially with low feeding angles is said to interact with 
the solidifying edge of the melt pool and forms a saw like appearance, called 
serrations. 

The filler wire in leading position obstructs the view of the seam necessary for 
adaptive control. An off-axis wire feed can be used to handle the requirements of 
the system and to increase process flexibility. However, use of this setup has hardly 
been applied due to the fear of unfavourable melt flows and weld seams. 

Some imperfections are likely to form during welding, whose shape and size affect 
the mechanical properties of the joint. Undercuts are one such surface 
imperfection and can be described as an unwanted groove at the edges of the weld 
toe. Bell et al. (1989) found that the depth and root radius of undercuts affect 
stress concentration and thereby can reduce the fatigue strength of welded joints. 
Undercuts are usually regarded as a severe imperfection and most welding 
standards have very low tolerance for them. Eriksson et al. (2011) concluded that 
at high welding powers and speeds, severe undercuts are formed as a result of the 
backward flow of melt and its solidification along the centreline with reduced 
contact to the sides. Berger et al. (2011) also described the dependence of 
humping formation on melt flow velocities, an imperfection occurring together 
with undercuts at elevated weld speeds. Frostevarg and Kaplan (2014) explained 
causes for different kinds of undercuts, but they always form at the weld bead-
base material interface at the end of the process zone, before the actual melt pool 
behind the process. Underfill of a joint can be suppressed by adding more material 
to the joint, but undercuts can still form. An illustration of a weld cross section 
with undercuts can be found in Fig. 1(d). 

High speed imaging (HSI) as a technique to observe laser processing has been 
used since the 80s by Arata et al. (1985), and is seeing an increase in applications. 
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The technique has been developed and increased quality of lenses and camera 
capabilities enables faster filming at higher qualities so more detailed events can 
be observed. Applying bandwidth filter in front of the lens and using matching 
illumination laser enables observation through the processing light, revealing 
process mechanics and melt flows, Fig. 2a. One method of analysing the videos is 
streak imaging, where a single pixel wide line is taken from a video, at the same 
position of every frame, stacked against one another Fig. 2b and c. The resulting 
image describes the transformation of an event through the length of the video in 
a single figure. The technique was used by Eriksson (2010) to study fluid flow in 
laser welding and Frostevarg et al. (2014) to compare arc mode and undercut 
formations in laser-arc hybrid welding. 

 

Fig. 2. (a) Frame from high speed video, inclined 30°, (b) stacked streak lines (streak line 
vs. time), and (c) resulting streak image. 

In this paper, stability of LBW of with an off-axis wire feed in leading direction 
(allowing seam tracking close to the process) is investigated. Morphology of the 
welds and events forming irregularities are analysed using surface images, HSI and 
streak images. 

2. Methodology 

2 mm thick austenitic stainless steel sheets (304 L) were welded together in a 
close-to-zero-gap butt joint configuration, with added filler wire (1 mm in 
diameter) to bridge the gap and ensure good mechanical properties. The LBW 
process had an off-axis wire feed in leading direction, Fig. 3. The chemical 
composition of both the base material and filler wire are presented in table 1. 
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Fig. 3. Experimental setup (a) side view, and (b) top view. 

Table 1: Chemical composition of Base material and filler wire in weight %. 

Element  C Mn P S Si Cr Ni N Fe 
Base 
material 

Max 
0.03 

Max 
2 

Max 
0.045 

Max 
0.03 

Max 
0.75 

18 - 
20 

8 - 
12 

Max 
0.1 

Bal. 

Filler 
wire 

0.02 - - - 0.85 20 10.5 - Bal. 

2.1. Equipment and experimental procedure 

In all experiments, the setup shown in Fig. 3 remained the same. An IPG fibre 
laser with maximum power 15 kW, wavelength 1070 ± 5 nm, 400 µm output 
fibre diameter and beam parameter product 14.6 mm.mrad was used in 
continuous wave (CW) mode. The optics used was Precitec YW50, with 150 
mm collimator lens and a 250 mm focussing lens creating to create a focal spot 
diameter of 0.67 mm. The focus was positioned 8 mm above the surface of the 
plates, producing a theoretical Gaussian spot size 1 mm width at the surface, so 
that the laser beam irradiated the gap and the full width of the wire. The beam 
was inclined at 11° to the vertical axis to avoid back reflections. The welds were 
carried out using a 3-axis ISEL FlatCOM L150 CNC system with test plates 
clamped to a linear motion table. Edges of test plates were laser cut and the gap 
was varied between 0 and 0.3 mm. For each chosen gap width, two appropriately 
sized spacers were placed at each end between the test plates, and the plates were 
clamped tightly. It was verified that the gap width remained constant, with 
maximum variation of 10 %, in the experiments by streak imaging. 

An ESAB MEK 44C was used to feed wire in an off-axis leading direction. The 
wire feed was angled, 30° to the horizontal plane and 30° to the seam on the left 
side of the welding direction. The wire was positioned at a 0 mm distance from 
the base material, allowing it to glide along the gap. 
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The required wire feed to fill gap volumes having width l and thickness t, were 
calculated to have 15 % reinforcement (resulting reinforcement factor, k=1.15), 
as 

𝑣𝑣𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 = 𝑘𝑘 ×
4 × 𝑣𝑣𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 × 𝑙𝑙 × 𝑡𝑡

𝜋𝜋 × 𝑑𝑑2
 

where vwire is the wire feed speed, vweld is the welding speed and d is the wire 
diameter. In cases of having l=0 mm gap welds, the wire feed was 1.5 m/min 
(minimum limitation of equipment). 

Table 2: Fixed parameters used for all welds 

Parameter Value 
Plate thickness 2 mm 
Edge preparation Laser cut 
Base material dimensions 100 mm x 200 mm 
Laser inclination 11° 
Shielding gas Argon 
Shielding gas flow 24 L/min (root + top) 
Shielding gas nozzle diameter 8 mm 
Wire diameter  1 mm 
Wire feed Leading 
Wire inclination- vertical 30° 
Wire inclination- with respect to seam 30° 
Stick out length  17 mm 
Distance between wire and base material 0 mm 
Collimator  150 mm 
Focal length of focussing lens 250 mm 
Focal position  8 mm above surface 
Weld reinforcement 15 % 
Length of weld 180 mm 

The laser beam was positioned to irradiate both the base material and the wire. 
All welds were 180 mm long, shielded by argon supplied at 12 L/min to both the 
weld cap and root, where a tube provided shielding for the cap during processing 
and the fixture cavity of the root filled. Table 2 lists the fixed parameters. 
Experiments were carried out with varying laser power at constant speed 
5 m/min, and varying speed at constant power 8 kW. Variation of ± 1 kW or 
± 1 m/min produced unacceptable welds with underfill or lack of penetration. 
The parameter sets chosen for further investigation are presented in table 3. 



Himani Naesstroem Paper A: Laser welding with an off-axis wire feed 

57 
 

Table 3: Varying parameters for the different welds 

Weld  
No. 

Gap width 
l (mm) 

Power 
P (kW) 

Weld speed 
vweld (m/min) 

Wire feed 
vwire (m/min) 

1 0 
5 5 

1.5 
2 0.1 1.5 
3 0.3 4.4 
4 0 

8 8 
1.5 

5 0.1 2.3 
6 0.3 7.0 

2.2 Analysis 

Analysis was primarily made by edge tracing and cross section examination of 
produced welds, complemented by HSI to explain formation and process 
behaviour. The HSI was carried out during welding at 10 000 fps using a Photron 
Fastcam mini UX100 camera with a Nikon 200 mm f/4 macro lens and an 
additional 67 mm macro magnifying lens. Laser illumination was provided by a 
Cavilux HF pulsed diode laser with maximum effect of 500 W and wavelength 
808 nm manufactured by Cavitar Ltd. A narrow band pass filter matching the 
wavelength of the illumination was used to block process light. The camera and 
illumination were angled at 30° to the horizontal plane, as shown in Fig. 3a, 
yielding results similar to Fig. 2a. 

Stability evaluations were made by tracing the edges (from above) on surface 
photographs for both weld cap and root of all welds, on the inside of any 
undercuts. The trace lines were then analysed by a code made in MATLAB. Weld 
width throughout the weld length and its variations at small intervals could then 
efficiently be derived. Three cross sections were made 4 cm apart on each weld, 
not necessarily at specific topographic locations. They were photographed under 
a stereo microscope for tracing the weld cap geometry. 

To explain formation of imperfections or instabilities, HSI videos were observed 
at low frame rates (10–25 fps) to observe the process. To better capture changes 
over time and identify locations of events, streak imaging was used at the weld 
cap edges and melt pool centre. Streak images can be generated by several 
methods (sometimes called differently). Here the free software FIJI distributed by 
ImageJ, described by Schindelin et al. (2012), was used as it provides efficient 
tools for applying and analysing streaks. In Fig. 2, a streak line is placed at the 
weld edge (or undercut line). The moving elements on the video appear as 
diagonal lines on the streak image, Fig. 2b and c, where faster moving objects has 
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smaller angles to the axis of the streak line. Undercuts appear as bright bands 
behind processing along the weld edge, moving at welding speed in the streak. 

3. Results and discussion 

All welds using the parameter sets listed in tables 2 and 3 could be welded 
successfully. In all cases, the overfill was within the range allowed by the 
ISO 13919-1 (B) standard for laser welding. Images of weld caps and roots for all 
six welds using variables as in table 3 are shown in Fig. 4. Weld cap edges from 
surface photographs and cross section images were traced to evaluate the 
morphology. A trace example is shown for weld 5 in Fig. 4a. No pores, inclusions 
or hot cracks were found on any of the welds cross sections. Fig. 4b shows weld 
morphology traces from cross sections. It is seen that undercuts were present to 
some degree in all six welds, as marked on the traces. In a few occasions, underfill 
was present (welds 3 and 4), despite the 15 % volumetric wire deposition overfill. 
Certain types of weld cap edge geometries were identified, presented in Fig. 4c, 
for comparison with undercuts seen in Fig. 4b. Types i - iv are geometries having 
undercuts (in order of reduced severity), type v shows underfill, and types vi - viii 
are preferred geometries. Welds made at the elevated welding speed of 8 m/min, 
welds 4, 5 and 6, contains a higher number of undercuts compared to those at 
5 m/min, welds 1, 2 and 3. These undercuts were also deeper and sharper (smaller 
angles), resulting in a higher stress concentration factor. Effects of root undercuts 
and lack of penetration in laser weld were previously studied by Alam et al. 
(2011), concluding that the worst geometries for fatigue had sharp edges and 
therefore need to be avoided.  

The results of the evaluated weld tracks are presented in Fig. 5. As an example, 
variation of weld cap width and its corresponding histogram for weld 5 are shown 
in Fig. 5a and b respectively. Since the welds are traced to the weld edge along 
the weld cap reinforcement (excluding undercuts), a narrower weld width is 
expected when an undercut is present. Fig. 5c compares standard deviation of the 
distance of each edge from a central mean, for all welds for both weld cap sides. 
Keep in mind that the wire is fed from the left side (in the welding direction), so 
that the left edge is beneath and the right edge is in front of the wire. These results 
show that the deviation is generally (in 5 out of 6 cases) higher on the left side, 
likely related to this off-axis feeding. Also from the cross sections shown in 
Fig. 4b, it becomes apparent that most undercuts are present on the left side of 
the weld cap. Nine out of eighteen cross sections show undercuts, where six of 
these are on the left while three are on the right side. The largest undercuts have 
a notched geometry and are found in weld 6 (0.3 mm gap and welded at 
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8 m/min). Note that, undercuts in all cases occur on both sides, but to a higher 
degree on the side from which the wire is fed. With higher welding speeds, the 
degree of undercuts increase on both sides. 

 

Fig. 4. (a) Weld appearances of cap and root sides, also showing edge tracing for weld 5. 
(b) Weld cap geometry traces from cross sections with identified undercuts marked. These 

are (c) magnified and ordered in falling severity, where type i is most severe. 

The bar graphs in Fig. 5d and e show an overview of the weld cap and root 
widths. An identified trend (for both weld speeds, 5 and 8 m/min) is that as the 
gap width increases, and correspondingly increasing the wire feed, the mean 
width of the cap increases while the root decreases. With increasing gap and wire 
feed, the welds produced have a more open ‘V’-like shape. When wire feed rate 
is increased, a larger fraction of the laser power is used to melt the (cold) wire, 
limiting melting at the root. This is in agreement with results by Salminen and 
Kujanpää (2003), studying the effects of wire feed positioning in cold wire LBW 
(on-axis to weld direction). In addition, the mean width of welds made at 
5 m/min (welds 1, 2 and 3) were found to be greater than those at 8 m/min 
(corresponding to welds 4, 5 and 6) for the same gap widths. 
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Fig. 5. (a) Variation of cap width and (b) histogram of cap width distribution for weld 5. 
Along the weld length for all welds: (c) standard deviation of left and right halves of the 

cap, (d) width of weld caps and (e) roots. 

Still frames of HSI from welds 3 and 6 are respectively presented in Figs. 6a and b, 
each with markers for three streak lines. Fig. 6 also shows the corresponding streak 
images, for the same duration. The streak lines (marked in the figure) are: 

i. Horizontally along the edge of the weld, revealing undercuts 
ii. Horizontally centre of process width, revealing melt pool length 
iii. Vertically across the wire to evaluate the wire behaviour 

In the streak images, the melt pool is dark, while scattered light from the 
illumination laser or black body radiation from laser processing can be seen, 
revealing smoke and undercuts along the streak line (after processing) for streak 
image (i). Since the processing head and HSI equipment was stationary and the 
plates where moving during the experiments, the undercuts are seen as a moving 
band with a constant velocity (diagonal) in the streak images. 

In the case of weld 3, figure 6ai, there are only two small undercuts appearing on 
the streak. However, there are some brighter spots (marked with ellipses) 
observed inside the process zone. These are cavities at the weld pool edge, 
appearing when wetting is insufficient between base material and melt. Due to 
high temperatures and velocities of the melt close to the keyhole, wetting of these 
cavities can occur, preventing them from becoming undercuts. Wetting to the 
weld edges was only seen to occur within the process zone; if this does not 
happen, an undercut is formed and will not be filled. This is similar to findings 
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for laser-arc hybrid welding Frostevarg and Kaplan (2014). Streak image (ii) 
describes the length of the melt pool during the length of process. Some variations 
are seen, but no abrupt changes. Streak image (iii) shows that the wire position is 
constant and stable. 

 

Fig. 6. Streak images from high speed videos of a (a) stable (video no. 1), and (b) failure 
threshold process (video no. 2). 

Fig. 6b describes the process failure threshold, meaning that the process is on the 
verge of failing. Streak image (i) shows formation of numerous undercuts. The 
undercuts occur as bright narrow bands, implying that they are small or notched. 
In addition, waves are seen on the melt pool, appearing as black bands obstructing 
the view of the undercuts. These waves have a smaller angle to the horizontal, 
derived to move at velocities up to 2.3 m/s (138 m/min). The melt pool length 
for weld 6, Fig. 6bii, varies more and abruptly compared to weld 3. This is 
probably related to the fast moving waves in the melt pool. Fig. 6biii shows 
sudden and repeated shifts in the wire position, revealing a correlation between 
undercut formation, wire positioning and abrupt variations in melt pool length. 
Samples having higher variation in melt pool length also have more undercuts. 

When welding at higher velocities wetting is expected to be lower due to 
increased heat gradients between melt pool and substrate, thereby producing 
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increased amounts of and also sharper undercuts. This is because heat from 
processing has conducted to a lesser degree to the base sheet. Heat is rather 
transported to the end of the melt pool with increased the melt flow backwards, 
Fig. 6. Produced welds will thereby also be narrower, Fig. 5. At lower welding 
speeds, the process sensitivity is also found to be lower (positioning accuracy is 
larger than 1 mm) Salminen and Kujanpää (2003), while the process is more 
sensitive at higher speeds. 

Fig. 7 shows HSI frames for different welds, where Fig. 7a contains frames from 
weld 3 (also related to the as in the streak images in Fig. 6a), showing stable 
processing, where the position of the wire remains constant, without undercuts 
forming. 

 

Fig. 7. High speed image frame sequences for (a) stable process (video no. 1), (c) elongated 
undercut formation (video no. 4), (d) notched undercut formation (video no. 5), (e) 

threshold process (video no. 6) and (b) horizontal and vertical streak images for quasi-
continuous undercut formation (video no. 2). 

For weld 5, Fig. 7b and c shows streak images and a frame sequence, revealing 
undercut formation. The frames in Fig. 7c correspond to the length of time 
described by the boxes on the streak images in Fig. 7b. The wire shifts away from 
one edge, wetting it insufficiently (allowing an undercut to form), then returning 
to the intended position. The wire position shifts gradually up to about 10 % of 
the wire diameter over time. During this time, the melt flows away from the edge 
behind the wire, leaving a dry notch at the melt pool rim. This repeats over and 
over again, forming elongated or notched undercuts. Only if wetting occurs 
within the process zone, these undercuts are prevented. All three factors, wire 
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position, welding speed and gap width have significant contributions on the 
formation of undercuts. 

Frames from videos of weld 6 can be seen in Fig. 7d. The bottom tip of the wire 
and base material directly behind the wire are observed to melt before the beam 
reaches that area. Since the wire rests against the sheets at an angle, pushing 
forward, the wire shifts suddenly in a downward direction when the wire tip 
suffers from excessive melting. As the wire is fed continuously, the wire rapidly 
moves back to its original position. These sudden changes in the position of the 
wire causes notched undercuts. The box on streak images in Fig. 6biii corresponds 
to a single shift seen in the series of frames. 

For the failure threshold process, weld 6, Fig. 7e shows intermittent adhesion of 
the wire to the edge of the weld. The wire is sometimes welded to the edge of 
the weld, later to detach and return to its intended position. This mechanism can 
possibly ruin the weld and was observed to occur twice while processing weld 6. 
But in these cases, the process recovered as the laser could still sufficiently heat 
and melt the wire edge, conductively melting the wire tip attachment to the sheet 
so that the wire could move back into the process zone. The process recovered 
and continued, but serrations formed along the edge of the weld. 

Undercuts seen in this paper were not continuous. They have varying severity 
can occur along the same weld bead, for example on weld 6. Some undercuts 
look smooth, like in Fig. 4b but sometimes severe undercuts of types iii and iv 
(from Fig. 4c) are seen. Comparison between weld caps can therefore be difficult, 
but observations by HSI and streak imaging (as presented in Figs. 6 and 7) are a 
good indicator for the frequency and severity of undercut formation along the full 
length of the weld. They show that when the mentioned conditions for 
undercutting increase, they are more likely to occur and also have higher severity. 

Fig. 8 illustrates the sequence of events involved in the formation of undercuts. 
Premature melting of the wire and base material occur, causing the wire to shift 
under the pressure of wire feeding. In Fig. 8a,c the wire is at its optimal position, 
melt flowing evenly across the width of the melt pool. Fig. 8b shows that the wire 
shifts to the right side, into a groove formed by premature melting. When this 
happens, melt flows towards the edge away from the wire feeding direction (the 
right edge), reducing wetting on the edge behind the wire (the left edge). When 
there is little premature melting, the wire shifts gradually, forming an elongated 
undercut. With increased melting, like in weld 6, the wire shifts suddenly forming 
a notched undercut. Causes for the premature wire melting can be many, 
including varying reflectivity of the laser beam, fluctuations in power output and 
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inhomogeneous material of wire. It is found that position shifts of the wire about 
10 % of its diameter can lead to undercuts. Since there is no space between the 
wire and base material, warping of the base material can also cause imperfections. 

 

Fig. 8. Sketch of the melt pool surface: (a)–(c) Sequence of events in the formation of 
undercuts during off-axis wire feed. 

4. Contributions and conclusions 

Off-axis wire feeding during laser welding of thin sheets allows new 
opportunities, e.g. for seam tracking arrangements and ability to adaptively fill gap 
widths that vary during processing. From this analysis, the following may be 
noted: 

- Joining 2 mm thick sheets using this technique providing acceptable results is 
possible, at processing speeds of up to 8 m/min. 

- When the joint gap increases, wire feed rate is also increased to compensate, 
resulting in increased weld cap and decreased weld root widths. 

- Along the weld direction, the weld cap generally varies more on the edge 
side from which the wire is fed, possibly producing a higher degree of 
undercuts. 

- Undercuts form due to a shift of the wire position, related to non-uniform 
melting of the wire by the laser. Depending on type of wire shift, the 
produced undercuts can be elongated or notched. 

- Conditions for notched undercuts happen regularly during processing, but at 
slow welding speeds these are prevented (cavities “repaired”) due to added 
heat and melt flows within the processing region. 

- Observed waves in the melt pool, caused by process instabilities, were found 
to travel at speeds up to 2.3 m/s (138 m/min). 
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Abstract 

Laser metal deposition (LMD) of Inconel 718 using a coaxial nozzle is investigated 
by high speed imaging. The interaction of individual powder grains with the laser 
induced melt pool surface and, finally, their catchment in the LMD track is 
observed. Powder catchment trends are explained by interpreting physical 
phenomena, such as the melt flow and surface tension. Distinct zones for powder 
catchment are categorized depending on the position of initial interaction 
between powder grains and the melt pool. Particles are introduced outside the 
melt pool ricochet and do not attach to the clad. Particles arriving outside the 
laser spot, onto the solidifying skin of the melt pool, are caught, and may 
incorporate. Some particles may remain on the clad surface as surface roughness 
on the built part. Particles interacting with the laser-irradiated region of the melt 
pool tend to move toward its center and readily incorporate into the melt. 
Quantitative analyses of high speed videos are carried out to measure 
incorporation time of powder grains in the melt pool, their velocity, and distance 
traveled. 

Keywords: laser metal deposition, additive manufacturing, high-speed imaging, 
powder catchment mechanisms, blown powder, laser cladding 

1. Introduction 

Additive manufacturing is a technology used to build objects by adding material 
in layers. Laser Metal Deposition (LMD) is one such process using laser cladding, 
where a material is added to a laser generated melt pool to form a clad. It is used 
to manufacture components for surface modifications such as adding protective 
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coatings and repairs. The process also allows for combining different substrate and 
cladding materials.1 

Metal in powder form carried by gas is delivered into the melt pool through a 
nozzle either laterally or coaxially to the laser beam. The result is a strong 
metallurgical joint between the substrate and the clad with little dilution. Coaxial 
powder nozzles have no favored welding directions, giving them omnidirectional 
processing capabilities, an advantage for curved or angular geometries.1 They tend 
to focus the powder stream and demonstrate higher powder catchment efficiency 
than lateral feeding nozzles in LMD as described by Lin and Steen2 and Hu et al.3 

For powder catchment, some criteria have to be fulfilled. These are listed by 
Powell and Lin4,5 and are described as follows. It is generally accepted that 
catchment occurs if either the powder grain or the surface it comes into contact 
with is molten at the time and location of impact. A solid powder grain impacting 
the solidified clad or substrate leads to a ricochet. A solid or partially melted grain 
fed into the melt pool is caught. Incorporation happens when the barrier of surface 
tension is overcome, and the powder grain is surrounded by molten metal. Fully 
or partially molten powder grains are absorbed in the melt pool readily. When 
they interact with a solid surface, they are likely to form a soldered joint, weaker 
than a welded joint.1 

Various models have been developed since the 1980s for laser cladding like 
processes, describing various phenomena. Chances of catchment increase with 
lower particle velocity, size, and diameter of powder stream.5 Processes with 
longer melt pools and properly aligned nozzles display higher catchment 
efficiency.6 Melt pool depth and dilution have a nonlinear relation to scanning 
speed and laser power.7 Fractions of the laser power absorbed, reflected, and 
radiated from various elements in the laser cladding process were theoretically 
estimated. It was deduced that only 10 % of the original power is used for 
melting.8 The influence of scanning speed and Marangoni number on the built 
geometry, dilution, temperatures, and resulting microstructures has also been 
studied.9 More examples of models regarding laser cladding are listed by Brückner 
and Lepski1 and Costa and Vilar.10 Many of these models are verified through 
experimentation. Liu et al. present a model regarding fluid–solid interactions with 
dynamic wetting and moving objects, for example, a hydrophobic sphere falling 
into water.11 

An effective tool for observation is high-speed imaging. A video of the process is 
recorded at high frame rates and played back at a lower frame rate to observe 
details that are otherwise not feasible to study. It has been used to inspect melt 
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flows in other laser processes such as welding, cutting, etc. Some examples are the 
mapping of ripples in the melt flow on the front wall of a laser generated keyhole 
by Eriksson et al.,12 studying undercut formation in laser-arc hybrid welding by 
Frostevarg and Kaplan,13 and finding beam movements for optimal laser piercing 
by observing melt behavior by Pocorni et al.14  

This paper examines LMD through high-speed imaging. Available literature does 
not present comparable investigations on such direct observation of the process. 
The powder catchment behavior is described by tracking individual powder 
grains, categorizing different zones for incorporation and providing quantitative 
results regarding incorporation time, distance traveled, and velocities of powder 
grains through image analysis. 

2. Methodology 

Clads and walls of Inconel 718 (grain size 45–106 µm) were built onto a stainless 
steel 316 substrate by LMD. A laser deposition machine was used with a 
continuous wave diode laser source having a wavelength of 980 nm. The power 
used was 1 kW, and a COAX 14 nozzle system delivered the powder. 

The COAX 14 is a ring-slit nozzle, where the laser beam and shielding gas pass 
through the central hole, while the powder flowing with the carrier gas are fed 
through the coaxial slit. The spot diameter of the laser beam at the surface was 
3 mm, generating a melt pool, into which the powder was fed. The structures 
were built at a feed rate of 600 mm/min. Argon with maximum pressure 6 bar 
was used as carrier gas and as shielding gas. 

The process was recorded using a high-speed imaging camera at 12 500 frames 
per second, implying 80 µs time step between each frame of the video. 
Illumination was provided by a pulsed 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 Fig. 1. The camera was inclined at 10° from the horizontal. 

High speed imaging videos were played back at low frame rates to observe 
powder catchment behavior. Image processing software was used to manually 
track the path of individual powder grains before and after the contact with the 
melt pool, producing data regarding the position of the selected powder grain on 
each frame. Through analysis of the data generated, the distance traveled by the 
particles, their velocity, and the time taken for their incorporation into the melt 
pool were quantified. Distances and velocities were measured for particles 
traveling along the orientation of the feed rate direction. In the air, at least 
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15 measurements were made per powder grain, and the trajectory of 25 powder 
grains was measured. In the melt pool, their positions of the selected grain were 
measured in all the frames where they appeared. The time taken for incorporation 
was measured for 100 grains, and the distance traveled in the melt pool was 
measured for 40 grains in four clearly defined regions. 

 

Fig. 1. Experimental setup. 

3. Results and Discussion 

A number of observations were made from the recorded high-speed videos of the 
LMD process, described in Fig. 2. 

As seen in the cross section image [Fig. 2(a)], not all powder directed at the center 
of the laser spot reaches the melt pool. High-speed videos revealed that the 
powder is fed throughout the length of the melt pool and even outside, onto the 
substrate or solidified clad. 

In a ring-slit nozzle, the laser beam travels through the central hole. Hence, not 
all powder grains, as illustrated in Fig. 2(a), interact with the laser beam. 
Quantitative analysis of the high-speed videos showed that the grains travel at an 
average velocity of 2.94 m/s before reaching the melt pool. Since the velocity of 
the powder grain is greater than 1 m/s, the influence of gravity can be neglected 
and within this short distance, the particles have little time to interact with the 
laser beam before arriving at the melt pool.1 This means that these grains tend to 
be solid when they reach the substrate or melt pool. When such a solid grain is 
fed onto a solid surface, it ricochets, illustrated in Fig. 2(b). Figure 3 shows this 
behavior through a sequence of high-speed imaging frames tracking a single 
powder grain. 
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Fig. 2. Schematic illustration of (a) cross section of the process overview and (b)–(e) 
magnified views of various phenomena. 

 

Fig. 3. Reference image and high-speed imaging frame sequence for ricochet. ROI 1: 
solidified clad. 

When a powder grain is fed into the melt pool, outside the laser spot, the grain 
attaches onto an existing oxide layer or solid skin of the melt pool. This is 
described in Fig. 2(c). Frame sequences, found in Fig. 4, from the high-speed 
imaging videos show two possible behaviors in this case. The first possibility is 
that the powder grain is incorporated into the melt after floating on the oxide 
layer for some time, as shown in Fig. 4(a). It is seen that powder grains often tend 
to move toward each other forming aggregates of 2-4. Analysis of the video 
showed that these grains took on average 2.97 ms for incorporation after first 
contact with the melt pool, with minimum and maximum measured time being 
1.04 and 8.16 ms, respectively. This, however, did not happen to all particles that 
attached to the solid skin on the melt pool. Powder grains that were not absorbed 
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remain on the clad as surface roughness, shown in Fig. 4(b). It is possible that the 
grain is soldered onto the clad. The last frame in the sequence shows that the 
powder grain is still attached to the clad after the region has solidified. 

 

Fig. 4. Reference image and high-speed imaging frame sequence for (a) incorporation and 
(b) attachment. ROI 2: Solid skin on the melt pool (note: different time steps). 

Powder grains fed into the region of the melt pool irradiated by the laser beam 
were seen to move radially inward toward the center of the laser spot. This 
behavior was seen to be true from all edges of the laser spot, as illustrated in 
Fig. 2(d). Analysis showed that powder grains, on average, travel at 0.52 m/s 
inside the melt pool. Powder grains fed into the front edge of the melt pool move 
upward toward the center of the laser spot and are always incorporated. 

The movement of particles seen in the melt can be explained by Marangoni flow, 
where liquid moves toward regions of high surface tension from regions of low 
surface tension. The direction of the flow is known to depend on the composition 
of the molten materials.15 Surface tension is temperature dependent, and there is, 
therefore, a surface tension gradient across the melt pool. Lee et al. discuss fluid 
flow patterns in the melt pool for Inconel 718. Its surface tension increases with 
increasing temperature, until a certain threshold (transition temperature) and then 
decreases. They explain that regions of both negative and positive surface tension 
coefficients exist in the melt pool, and, as a result, the melt flowing from the front 
and back edges of the melt pool collide in a certain area where the temperature is 
equal to the transition temperature.16 In the experiments conducted, this area 
appears to be immediately behind the center of the laser spot, explaining the 
behavior of the powder grains. 

This is consistent with the observed melt pool shape, which is flattened at the top, 
indicating that the direction of the flow is upward from the sides and downward 
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into the center of the laser spot. A cross section of the built track is presented in 
Fig. 6. Some indication of the flow direction of streams in the clad can be seen. 
These flows are expected to be symmetric, although it cannot be clearly seen in 
the figure, probably due to the etching conditions. Brueckner et al. present a 
similar example with a cross section of a copper clad on stainless steel 304 L.17 

Figure 2(e) illustrates the incorporation of powder grains into the laser-radiated 
region of the melt pool. Irrespective of the direction of travel of a powder grain, 
and its interaction with the laser beam before arriving at the melt pool, it is always 
seen to incorporate. Grains incorporate rapidly in this region, with time taken 
from the first contact with the melt pool to incorporation being on average 
0.28 ms. Time taken for incorporation varies based on the position of initial 
impact of the powder grain. The maximum measured time for incorporation is 
1.28 ms in this region. The high-speed imaging frame sequence for powder grain 
movement and incorporation is presented in Fig. 5. 

During the LMD process, the powder grains are initially heated by the laser beam. 
When they reach and float on the melt pool, they are heated by both the beam 
and the surrounding melt. Once they overcome the forces of surface tension and 
are completely engulfed by the melt, they are heated purely by the surrounding 
melt. The powder grains are melted if their melting point is equal to or lower 
than the temperature of the melt. Kaplan and Groboth modeled the heating of a 
Stellite powder particle, showing that the temperature increase is steep 
immediately after contact with the melt pool.18 The melting temperature of 
Inconel 718 is 1150-1350 °C and that of stainless steel 316 is 1375-1400 °C. Since 
the melting points are close to each other and the dilution is low, as seen in Fig. 6, 
it can be assumed that the melt temperature is at least 1260 °C. Thermal 
conductivity of Inconel 718 as a solid is 2.792 × 106 g cm/s3/K and as a liquid is 
2.928 × 106 g cm/s3/K.16 Therefore, it is expected that the powder grains melt 
rapidly when immersed in melt. The density of Inconel 718 being higher at the 
solid state compared to the liquid state (8.19 versus 7.3 g/cm3)16 is likely to be a 
contributing factor for overcoming surface tension. 

 

Fig. 5. Reference image and high-speed imaging frame sequence for particle melting and 
incorporation. ROI: Laser-irradiated region of melt pool. 
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Fig. 6. Cross section image of clad after electro-etching with 10 % oxalic acid. 

High-speed videos (frames in Fig. 5) show the grain sinking into the melt, 
indicating that the surface tension forces are overcome before the grains melt 
entirely. The time taken for full melting of the powder grain depends on its size, 
its temperature before entering the melt pool, and the temperature of the melt as 
described by Gedda, Kaplan, and Powell, who studied the melting behavior of a 
particle in contact with a liquid melt pool.19 For a powder grain of size 50 µm, 
the time taken for full melting was calculated to be under 1 ms.18,19 

No powder grains were seen to ricochet off the melt pool, both inside and outside 
the laser spot. The only case when grains ricochet over this region is when they 
encounter a solid body, for example, a floating powder grain. 

Quantitative information about velocities of powder grains both in air, while 
being fed, and during movements in the melt pool is presented in Fig. 7(a). The 
velocity of the powder grains is on average six times slower in the melt pool, 
compared to their velocity in air. In the high-speed videos, the powder appears 
to flow with the melt pool surface, by dragging. For the melt pool surface, only 
surface tension gradients (Marangoni flow) or drag force from the shielding gas 
can be imagined as corresponding driving forces. The shielding gas arrangement 
would lead to different flow directions. Therefore, it is very likely that surface 
tension gradients accelerate the melt. 

Time taken for incorporation of the powder grains after first contact with the 
melt pool is presented in Fig. 7(b). The area investigated is divided into three 
zones 

- A: fully solid regions, 
- B: the melt pool outside the laser spot, and 
- C: the melt pool irradiated by the laser beam. 
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FIG. 7. Quantitative data (a) 
velocities of powder grains in air and 
the melt pool after interaction, before 
incorporation, (b) time for 
incorporation of powder grains, and 
(c) distance traveled by powder 
grains in the laser-irradiated area of 
the melt pool. 
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The area of the melt pool irradiated by the laser beam is further divided into three 
regions as shown in the illustration in Fig. 7(b). Outside the laser spot, 
incorporation time is on average ten times higher than the average time taken 
inside the laser spot. The region irradiated by the laser beam is further divided 
into three concentric bands 

- C1: edge of the laser spot, 
- C2: intermediate region, and 
- C3: center of the laser spot.  

It is clear from the plot that as we move toward the center of the laser spot, the 
incorporation time and its variation decrease. Since the beam used in the process 
is Gaussian, it has the highest intensity in the center, resulting in higher 
temperatures. This implies that the powder grains melt faster in comparison to 
the edges of the laser spot, allowing for faster incorporation. A powder stream 
focused in the center of the laser beam is therefore significant for high catchment 
efficiency. 

This can also improve the geometrical accuracy of the built parts. 

Figure 7(c) presents the distance traveled by powder grains from the first contact, 
until they incorporate with the melt. The distance traveled by particles in 
region C2 is the longest, followed by region C1 and the shortest in region C3. 
Remarkably, powder grains in region C1 need a longer time to incorporate, but 
travel a slightly shorter length compared to those in region C2. 

The powder behavior in the LMD process discussed in this section summarizes 
three distinct zones as illustrated in Fig. 8. 

− Zone A: Solidified regions around the process zone, including the substrate 
and the clad. Powder grains arriving in zone A ricochet. 

− Zone B: Region of the melt pool outside the laser spot, which is covered in 
an oxide layer or a solid skin. Powder grains arriving onto this region always 
attach to the clad, form aggregates, and may be incorporated after an extended 
period, if they overcome surface tension before solidification or if they move 
into zone C. 

− Zone C: Region of the melt pool irradiated by the laser beam. Powder grains 
arriving from every direction are incorporated readily and move radially 
inward toward the center of the laser spot for a short duration before melting. 
This zone includes regions C1, C2, and C3 from Fig. 8, and the powder grain 
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movement is influenced by the Marangoni flow. For high catchment 
efficiency, powder should be fed into this zone. 

 

Fig. 8. Schematic of powder catchment zones and different phenomena (a) top view and 
(b) side view. 

4. Conclusions 

Catchment behavior of powder grains in the LMD of Inconel 718 using a coaxial 
ring-slit nozzle was studied through high-speed imaging. 

- Catchment behavior is strongly dependent on the position of initial 
interaction. Three distinct zones for varying behavior are defined. 

- The powder grains floating in the melt pool move toward the center of the 
laser spot, likely to be influenced by the Marangoni flow, which depends on 
the material composition and temperature gradients. 

- Incorporation time decreases closer to the center of the laser beam. 
− Consequently, higher catchment efficiency and better geometrical tolerances 

can be achieved with a well-focused powder stream. 
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Abstract 

 

A high deposition rate blown powder directed energy deposition process is 
presented. Clad tracks are deposited and the process is observed by high speed 
imaging. An island of unmelted powder forms inside the melt pool, in the centre 
of the laser spot, which can be attributed to the highly focussed powder flow and 
the laser beam configuration used. On contact with the melt pool, the powder 
grains melt to join the melt pool, or they overcome surface tension and are 
engulfed by the melt. Powder grains can also incorporate into a mushy zone that 
may be present on the powder island. The powder island appears to rotate in the 
melt pool and incorporates relatively slowly. The speed of rotation is connected 
to the size of the island, which also depends on the energy density used. Spatter 
can form from the edges of the melt pool or from areas around the island when 
molten metal droplets burst. Frames from high speed videos are presented and 
reasons for the various phenomena observed are discussed. 

Keywords: Laser cladding, Island formation, Laser Metal Deposition, Powder 
catchment, Spatter, High-speed imaging 
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1. Introduction 

1.1. Blown powder directed energy deposition 

Blown powder directed energy deposition (DED) is an additive manufacturing 
process where material is added in powder form to a laser generated melt pool. It 
is also often referred to as Laser Metal Deposition (LMD), or laser cladding. 
Complex structures can be built through this process layer-by-layer using a wide 
range of powder materials with the possibility to produce functionally graded 
structures [1]. In laser cladding, tracks are deposited next to each other, in single 
or multiple layers, to improve the properties of a surface, for example, to improve 
wear or corrosion resistance. The process can also be used for prototyping, rapid 
alloy prototyping, manufacturing components and repair of worn 
components [2]. 

A strong metallurgical joint between the deposited material and the substrate is 
possible while keeping the dilution low to retain the intended properties of the 
clad tracks. Cracking, delamination and distortions are some of the known 
challenges caused due to the thermal stresses induced in clad specimens. These 
can be avoided by preheating the substrate to reduce thermal gradients and 
regulate cooling cycles [3]. Another common challenge is porosity, often formed 
between tracks deposited next to each other [4]. 

Multiple configurations of laser beam and powder delivery systems are available, 
allowing deposition rates between 1 g/min [5] and several kg/h [6] depending on 
the application. Lateral systems feed powder material into the melt pool from one 
side, and are direction dependent. Coaxial systems with a ring-slit or multiple 
powder jets allow for omnidirectional processing and are considered more 
efficient in terms of powder usage due to their capabilities to focus the powder 
streams [7]. 

The blown powder directed energy deposition process has been observed through 
high-speed imaging in previous work to study powder flow or for to observe melt 
pool behaviour. Material composition of the substrate and powder, and processing 
parameters have been seen to influence the incorporation behaviour of powder 
grains. Their properties such as absorptivity for the particular laser wavelength 
used, specific heat capacity, thermal conductivity and diffusivity have strong 
influences on the deposition process [8,9]. Powder grain incorporation times have 
also been measured, with shorter melting times observed towards the centre of 
the melt pool in the case of deposition of Inconel 718 on stainless steel 316 L. 
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These studies have indicated that a well-focussed powder stream is beneficial for 
higher powder catchment efficiency in the process [10]. 

The blown powder DED process and its resulting clad layers are influenced by 
Marangoni flow in the melt pool. This is a surface tension driven flow dependant 
on temperature gradients and the material composition of the melt [11]. The most 
common case is to have a negative surface tension coefficient with respect to 
temperature, resulting in low surface tension in the middle of the melt pool, 
leading to a radially outward flow [12]. Powder grains fed into the melt pool may 
be heated by the laser beam before reaching the melt pool. Those that are still 
solid heat rapidly to their melting temperature on contact with the pool. In certain 
cases, for large powder grains or if the melt pool temperature is only slightly 
higher than the melting temperature, this may take a few milliseconds. Marangoni 
flow may carry these powder grains towards the melt pool boundaries or its centre 
depending on the flow direction [3]. 

1.2. Spatter formation 

Spatter is the ejection of melt from the melt pool. The causes and effects of spatter 
formation in laser welding, cutting and powder bed fusion can be found in 
literature. It forms when a portion of the melt gains enough momentum 
perpendicular to the melt surface to leave its main body [13]. Spatter formation 
has been associated with overheating of the melt pool and vaporisation [14]. 

In laser welding, this can happen when the laser power density is too high in 
relation to the chosen welding speeds [15], causing boiling, or when bubbles, 
formed due to vapour pressure gradients in the melt pool, burst [13]. A low laser 
power density before full penetration is reported as the main reason for spatter in 
laser cutting, where spatters occur until breakthrough. In laser percussion cutting, 
longer pulse widths and high peak powers increase the chances of spatter 
formation [16]. In laser powder bed fusion, droplet spatter forms due to recoil 
pressure from the metal vapour, with intensity increasing with increased energy 
input [17]. Spatters are generally spherical in shape since they are ejected from the 
melt pool when molten, with the liquid trying to minimise its surface energy [18]. 
When the spatters are small enough, they solidify before reaching any surface. If 
they are large enough, they might result in poor surface finish or damage 
equipment. 

In this paper, the phenomena taking place in a high deposition rate blown powder 
DED process are observed qualitatively and quantitatively through high-speed 
imaging. The reasons behind the formation of a powder island in the melt pool 
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and the creation of spatter as well as the characteristics of the deposited tracks are 
discussed. 

2. Material and methods 

2.1. Materials 

For the experiments, high strength steel ASTM A579-31 was used as the substrate 
material and a wear resistant steel was used as the powder material. The chemical 
composition of the two materials can be seen in Table 1 below. The possible 
elements in the remaining 5% of the powder composition are silicon, magnesium 
and chromium. The grain size of the powder material used was between 50 and 
150 µm. 

Table 1. Chemical composition of the substrate and powder materials in weight %. 

 Fe Mo V Ni C Si Mn Cr P S Others 
ASTM 
A579-31 

Bal. 0.35
-
0.45 

- 1.65
-  
2.0 

0.23
-
0.28 

1.30
-
1.70 

1.20
-
1.80 

0.20
-
0.40 

Max. 
0.025 

Max. 
0.025 

- 

Ferrous 
carbide 
system 

Bal. 18 12 5 2 - - - - - <5 

2.2. Experimental setup 

Cladding was carried out through blown powder directed energy deposition. A 
coaxial continuous nozzle (also known as a ring-slit nozzle) was used, where the 
carrier gas and the powder were fed through the slit, the laser beam and the 
shielding gas travelled through the central hole. Argon was used for shielding and 
as a carrier gas. The experimental setup is shown in Fig. 1, where Fig. 1(b) shows 
a schematic cross-sectional view of the process. 

An Yb-fibre laser was used as the processing laser, along with specially 
manufactured beam-shaping mirror optics to create a spot size of 9 mm at focus 
and top-hat energy distribution at the required position. The laser power used 
was between 3 and 8 kW. The energy intensity distribution of the laser beam can 
be seen in Fig. 2(a) and (b), where the measurements were made at laser power 
1.3 kW, much lower than the laser power used in the experiments. An image of 
the powder flow is shown in Fig. 2(c). The focus of the powder stream was 
aligned with the surface of the substrate. The cladding speed was held between 
0.5 and 0.6 m/min, and deposition rate between 18 and 54 g/min. The specimens 
were preheated to 400 °C to avoid cracking. 
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Fig. 1. Schematic illustration of the (a) experimental setup and (b) cross section of the 
process. 

 

Fig. 2. (a) Energy intensity distribution in the laser beam used at power 1.3 kW, 
(b) energy intensity of the laser beam along the horizontal dashed line in (a), and 

(c)  image of the powder flow. 

Clad tracks were deposited such that every track overlapped the previous track by 
50 % of the track width. Two cladding strategies were attempted: single direction 
and meander. In the single direction cladding strategy, after a single track was 
deposited, the nozzle returned to the start position with an offset of 50 % of track 
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width and started depositing the next track. Deposition was carried out in a back-
and-forth pattern in case of the meander cladding strategy, with the same offset. 

2.3. High-speed imaging 

The deposition process was filmed at 10,000 frames per second using a high-speed 
camera. To capture details in the melt pool, a laser illumination source with 
wavelength 808 nm was used. The process light was blocked out with a narrow 
bandwidth filter matching the wavelength of the illumination laser. As shown in 
Fig. 1(a), the camera was angled at 30˚ to the horizontal for the close up videos. 
Before recording the videos, the camera software was calibrated for distance 
measurements, specifying the number of pixels for a given length in the captured 
videos. 

2.4. Analysis 

Image processing software was used for the quantification of some visible 
phenomena. The size of a powder island formed in the centre of the laser spot 
was measured 15 times during the length of the video using image processing 
software, and averaged. The speed of powder grain movement was calculated by 
tracking powder grains frame by frame during their incorporation with the melt 
pool. The measured data was analysed to calculate the speed of travel. 

7 mm thick sections from the middle of some selected clad tracks were analysed 
by Computed Tomography (CT) to check for porosity. CT uses a series of X-ray 
images from different directions to produce a final three-dimensional scan of an 
object scanned. The number of pores, and their volume were also measured. 

3. Results and discussion 

Clad layers could be deposited successfully for a wide range of parameters, without 
the formation of cracks. Fig. 3 shows frames from videos recorded from different 
distances. In the inset image, a complete process view can be seen along with the 
powder flow from the nozzle, the melt pool, and the deposited clad track. The 
region of interest (ROI) is also marked, indicating the area shown in the main 
image.  

Two main phenomena are observed from the high-speed videos. The first is the 
presence of an island of unmelted powder in the melt pool. The second 
phenomenon is the formation of spatter in the blown powder DED process. 
These phenomena are discussed in Sections 3.1 and 3.3. The melt pool is also 
seen to be asymmetric, with the tail being longer on the side that overlaps the 
previous clad track. From the videos, it is clear that powder grains that interact 
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with the melt move towards the edges of the melt pool, indicating that the 
direction of Marangoni flow is radially outwards, and backwards from the centre 
of the laser spot. 

 

Fig. 3. Frame from a high-speed video with a close up view of the melt pool showing the 
different elements observed for a process with laser power 5 kW, cladding speed 

0.5 m/min and deposition rate 30 g/min. The inset image shows an overview of the 
deposition process with the region of interest marked. 

Cross sections of the clad specimen showed that the level of dilution is low (7 %), 
as can be seen in Fig. 4. Computed tomography (CT) measurements indicated 
the presence of some porosity in the specimen between the deposited tracks. The 
majority of pores are formed between subsequent clad tracks in the interface with 
the substrate material. Some pores can be seen in the bulk material of the tracks, 
usually with lower diameters. The CT scans for two specimens can be found in 
Fig. 5. In Fig. 5(a) there are a large number of pores of size larger than those in 
Fig. 5(b). In a 8 mm thick CT specimen, with 6 tracks cladded next to each other 
in the single direction cladding strategy, 253 pores were detected in the clad layers 
with a higher deposition rate (Fig. 5(a)). The minimum pore diameter measured 
was 45 μm, maximum diameter 2800 µm and the average was 300 µm. The size 
distribution of the pores was exponentially decreasing. Only 3 pores with average 
diameter approximately 400 µm (minimum diameter 255 µm and maximum 
diameter 555 µm) were seen in the clad layers with a lower deposition rate 
(Fig. 5(b)). Possible reasons for the formation of these pores are trapped gas 
between the powder grains and the previously deposited track, and the lack of 
wetting. 
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Fig. 4. Cross section of a cladded specimen (laser power 5 kW, cladding speed 
0.5 m/min and deposition rate 30 g/min). 

 

Fig. 5. Orthogonal views of computed tomography scans of two cladded specimen with 
parameters for (a) 4 kW laser power, 0.6 m/min cladding speed and 36 g/min deposition 
rate and (b) 4 kW laser power, 0.5 m/min cladding speed and 24 g/min deposition rate 

where (i) is the cross sectional view and (ii) is the top view. White circles indicate the 
positions of the pores in (b). 

3.1. Powder island in the melt pool 

An island of unmelted powder is seen to form in the centre of the 9 mm diameter 
laser spot. Its position, as seen from the inset image in Fig. 2, is at the powder 
focus (3 mm diameter). The most likely reason for the formation of this island is 
the combination of using a top-hat laser beam profile and a highly focussed 
powder stream. The laser power density in this region is clearly insufficient to 
melt all the arriving powder. Several powder grains that are fed onto the island 
ricochet, and are generally not incorporated in the clad track, leading to reduced 
catchment efficiency. 

Some patches of solid skin can be seen floating on the melt pool surrounding the 
island. The solid skin is most likely formed of oxides (e.g. Fe3O4, MnO, and SiO), 
that have a higher melting temperature than the temperature of the melt pool. 
They also tend to have a foam like structure, and therefore float on the melt [19]. 
Oxides can be present in spite of the shielding gas. Pre-existing oxides on the 
surfaces of the substrate or the powder grains melt as a result of laser radiation, 
but solidify again in the low temperature regions of the melt pool (due to their 
high melting temperature). These can prevent the powder grains from 



Himani Naesstroem Paper C: Powder incorporation and spatter in DED 

93 
 

incorporating immediately. Some powder grains are seen to melt on top of this 
solid skin and form a molten metal droplet, separated from the melt pool. This is 
discussed further in Section 3.2. 

Most of the process parameters have an influence on the size of the island formed. 
Increasing laser power or decreasing cladding speed decreased the size of the 
island. Increasing the deposition rate with a fixed laser power and cladding speed 
resulted in a larger island, as seen in figure 6. It increases the amount of material 
to be melted, while also increasing the degree of attenuation of the laser 
beam [20]. Processes using the single direction strategy had a larger island as 
compared to the meander strategy, as seen in Fig. 7(a) and (b) respectively. Since 
deposition was done in a back and forth manner for the meander strategy without 
any pauses, the time between subsequent tracks deposited is lower. The 
temperature of the previous tracks are therefore expected to be higher than in the 
case of the single direction cladding. During cladding, less heat is transferred away, 
forming a warmer melt pool. This leads to both, a larger melt pool and a smaller 
island. 

The size and shape of the melt pool are also influenced by the process parameters. 
The same parameter changes result in smaller islands and larger melt pools. The 
melting temperature and wettability of the powder material is also expected to 
have an effect on the size of the island. 

The smaller islands, for example in Fig. 6(a–b) are seen to move in the melt pool 
dynamically, while the larger islands, in Fig. 6(c–d) have a fixed position relative 
to the edges of the melt pool and are attached to the front edge of the melt pool. 
For single tracks, the mobile islands were seen to move (in seemingly random 
directions) in the melt pool, while the island in asymmetric melt pools 
(e.g. deposition overlapping previous tracks) rotated. This could be related to the 
varying thicknesses of the fluid films on the two sides of the melt pool, where one 
side overlaps the previous track and the other side is in direct contact with the 
substrate. The rotation of the island is a collective perception of the movements 
of all the powder grains it comprises. The powder grains in the centre of the island 
spend a longer time before incorporation, but they are challenging to track on 
the high-speed videos. Powder grains on the circumference of the island 
incorporate into the melt after a short time. The direction of rotation can be 
either clockwise or anticlockwise, as in Fig. 8(a-c)(i). No particular trends were 
observed regarding the factors that influence the direction of rotation of the island. 
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Fig. 6. Frames from high-speed videos showing increase in island size when powder 
deposition rate is increased with power 4 kW and cladding speed 0.6 m/min for 
deposition rates (a) 18 g/min, (b) 24 g/min, (c) 30 g/min and (d) 36 g/min. 

 

Fig. 7. High-speed imaging frames of processes with power 5 kW, powder feed 30 g/min 
and cladding speed 0.5 m/min with two different cladding strategies, (a) single direction 

and (b) meander 

The measured speed of powder grains on the circumference of the island for 
different videos indicate that the average rotation speed is higher with increased 
laser power and deposition rate. The speed of rotation of the island increases with 
decreasing island size, expected generally with increasing energy density. 
Fig. 8(a-c)(ii) show the trajectories of one powder grain from each process along 
with the time between first contact with the island and incorporation. 
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Fig. 8. Rotation of the powder island with (a-c)(i) showing a frame from the high-speed 
videos indicating the direction of rotation of the island, with the position of the powder 

grain marked; (a-c)(ii) graphs showing the trajectories of the powder grains before 
integrating into the melt pool for each parameter set considered for clad tracks deposited at 

0.5 m/min 

The speed of rotation of the powder islands also varies with respect to time. It 
can fluctuate because of the formation and rupture of molten metal droplets, as 
discussed in Sections 3.2 and 3.3. During the length of one video recorded (1.5 s 
i.e. 15,000 frames) for one clad track, the speed of powder grain movement varied 
between 0.023 m/min and 0.08 m/min, as shown in Fig. 9. The trend of 
decreasing rotation speed in this particular case, during the length of the 
recording, cannot be generalised to the rest of the video or to other parameter 
sets. The island diameter remained relatively constant at an average of 2.98 mm 
measured in the same video. 

A correlation can be seen between the type of island formed and the number (as 
well as size) of porosities detected in the CT measurements. The specimen seen 
in Fig. 5(a), with a high degree of porosity has a large and fixed island (Fig. 6(c)), 
while the specimen in Fig. 5(b) has a smaller, dynamically moving island (a frame 
from high-speed imaging can be seen in Fig. 8(a)(i)). The CT measurements did 
not show any decrease in pore size with a decrease in the size of a floating island. 
It is likely that the fixed islands encapsulate power grains, which cannot be melted 
by the laser beam due to insufficient laser power density, or laser beam attenuation 
by the powder stream. It is also possible that the cooling rates are high around the 
island (since material is constantly added), which leads to trapped gas pores due to 
possible geometric arrangements. The moving island is also more likely to create 
opportunities for gases to escape and has potential for better wetting as compared 
to cases with a fixed island. 
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Fig. 9. Variation of the speed of powder grains on the circumference of the island through 
the length of the video for a process with laser power 5 kW, cladding speed 0.5 m/min 

and deposition rate 30 g/min. 

3.2. Incorporation of the powder grains 

In the studied blown powder DED process, multiple routes can be taken by the 
powder grains to incorporate with the melt: 

- Through contact with the melt pool: The powder grains that arrive at the 
melt pool are engulfed by the melt and incorporate. The temperature of the 
powder grains increases rapidly when they enter the melt pool, melting 
within a few microseconds [21]. If they happen to have first contact with 
floating solidified oxides on the melt pool surface, the incorporation time is 
longer, or they are carried to the back edge of the melt pool, after which 
they might remain as surface roughness on the solidified track. 

- Through the powder island: A fraction of powder grains arriving at the island 
ricochet. The others join the island, probably due to the surfaces of the 
powder grains being molten. The powder island slowly and constantly 
incorporates with the melt, but its size remains the same due to the constant 
flow of powder. The powder grains that are on the surface of the island are 
heated and melted by the laser beam, as well as conduction through other 
powder grains that are in contact with them, as shown in Fig. 10(a). Since 
the heat is transferred from few points of contact, the time taken for 
incorporation is long as compared to the grains that are directly in contact 
with the melt, as in Fig. 10(b). 
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Fig. 10. Schematic representation of a powder grain that has arrived (a) on top of the 
island and (b) onto the molten metal droplet. 

- Incorporation through a molten droplet or mushy zone: As mentioned in 
Section 3.1, powder grains that are on the solid skin surrounding the powder 
island or at the edges of the melt pool may melt to create a molten metal 
droplet. The size of the formed droplet varies and can be over 1 mm in 
diameter. Powder grains that arrive on the metal droplet incorporate fast, at 
speeds similar to those that make contact with the melt pool. These droplets 
can rupture and incorporate with the melt pool due to boiling or surface 
tension effects, as shown in Fig. 11. If many powder grains arrive at the 
droplet in a short time period, this droplet turns into a mushy zone, with 
solidified oxides on the surface, and becomes part of the island again. 

 

Fig. 11. Sequence of frames from a high-speed video showing the incorporation of a 
molten metal droplet with the melt pool for a process with power 5 kW, powder feed 30 

g/min and cladding speed 0.5 m/min. The frames show (i) an intact molten metal 
droplet, (ii) a ruptured molten metal droplet and (iii) incorporation of the droplet with the 

melt pool. 

3.3. Spatter formation 

The high-speed videos showed that there was spattering in the blown powder 
DED process. The spatter phenomena seen in the high-speed videos is connected 
to the expected low temperature zones in the melt pool, i.e. the front and side 
edges of the melt pool and the vicinity of the powder island. Droplets of molten 
metal form in these low temperature regions separated from the melt pool by a 
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solid skin, as explained in Section 3.2. Since these droplets are separated from the 
melt pool, it is likely that they can have a different temperature. In some cases, 
the ruptured droplets ‘burst’, possibly due to boiling effects, forming spatter that 
has an upwards momentum. The spatter then leaves the island. This sequence can 
be seen in Fig. 12. 

 

Fig. 12. Sequence of frames from a high-speed video showing a molten metal droplet 
rupturing to form spatter in a process with power 5 kW, powder feed 30 g/min and 

cladding speed 0.5 m/min. The frames show (i) an intact molten metal droplet, (ii) a 
ruptured molten metal droplet and (iii) spatter ejection. 

The frequency of spatter formation is affected by the process parameters. Spatter 
forms more often in cases where there is a larger island, i.e. lower laser energy 
density or high powder deposition rates. In both these cases, the areas surrounding 
the island are expected to have lower temperature, favourable for the formation 
of oxides and thus the molten metal droplets. Extended experiments with 
temperature measurement equipment are needed for accurate temperature data 
about the melt pool. The size of the metal droplet, and the exact time for 
formation of spatter, however, cannot be predicted from the results of these 
experiments. 

The spatters formed are incorporated in the melt pool if they have a low velocity 
and cannot travel outside the melt pool. However, they can travel longer distances 
and attach to the clad track, the substrate and even the powder-feeding nozzle, 
causing equipment damage. Another source of spatter are the powder grains that 
ricochet off the island, are heated to partial or full melting by the laser beam and 
land inside the cladding zone or elsewhere. 

From the high-speed videos, spatters were always observed to form in relation to 
the solid skin on the melt pool for the material used. This was the case in both, 
the high deposition rate set up, and a low deposition rate laser beam-nozzle 
combination. 
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The phenomena discussed above are not limited only to this specific case of blown 
powder DED. The formation of a similar powder island was seen with other 
materials such as stainless steel 316 L with the same experimental setup, as well as 
Rockit 401 and Stellite 71 when using a multi-jet coaxial nozzle. As the 
deposition rate of the process increases, the probability of powder grains 
ricocheting off other powder grains in the melt pool increases. With 316 L 
powder, the size of the island decreased with increasing laser power. The 
influence of the various processing parameters was also found to apply on cladding 
trials with Rockit 401 and stellite 71. Another important aspect to consider is the 
wettability of materials, where materials with higher wettability would form a 
smaller or scattered powder island in the melt pool. 

Fig. 13 schematically summarises the two main phenomena seen in the studied 
process, formation of the powder island and spatter formation in the melt pool. 

 

Fig. 13. An overview of the main phenomena seen in the process and the possible effects. 

The presence of an island can be seen during the process using an arc-welding 
mask, in addition to laser safety eyewear. Process parameters like laser power, 
deposition rate and working distance of the nozzle can be adjusted to make the 
island mobile or decrease the density of the island, which would as a result reduce 
porosity. Beam shaping optics can also be used for customised solutions to avoid 
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the formation of islands in the melt pool (with additional energy intensity at the 
centre of the laser spot or using a Gaussian beam). In addition to the above 
measures, substrates with cleaned or milled surfaces are likely to produce fewer 
spatters. 

4. Conclusions 

Blown powder directed energy deposition was successfully carried out with the 
process described and observed through high-speed imaging. Due to the highly 
focussed powder stream and laser beam configuration, an island of unmelted 
powder formed in the melt pool (at the centre of the laser spot). Some of the 
powder grains ricochet off the island, resulting in decreased catchment efficiency. 

- The characteristics of the island is influenced by the process parameters and 
materials used. High power density, low cladding speed and low deposition 
rate result in a smaller, dynamically moving island. 

- Powder grain incorporation occurs through the melt pool, the powder 
island, or the molten metal droplets formed on the powder island. Time 
taken for incorporation is the longest through the powder island (several ms) 
due to heat conduction through powder grains rather than wet contact with 
the melt. 

- The powder island rotates in the melt pool in cases where its diameter is 
small. The smaller the island, the higher its rotation speed. 

- Spatter occurs from the edges of the melt pool or close to the powder island. 
Molten metal droplets can form, separated from the melt pool by a solid 
(oxide) layer, as these are lower temperature regions. Spatter also forms when 
the droplet bursts due to localised boiling. 
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Abstract 

Purpose: To gain an understanding of the behaviour of iron ore when melted by 
a laser beam in a continuous manner. This fundamental knowledge is essential to 
further develop additive manufacturing routes such as production of low cost parts 
and in-situ reduction of the ore during processing. 

Methodology: Blown powder directed energy deposition was used as the processing 
method. The process was observed through high-speed imaging and computed 
tomography was used to analyse the specimens.  

Findings: The experimental trials give preliminary results showing potential for 
the processability of iron ore for additive manufacturing. A large and stable melt 
pool is formed in spite of the inhomogeneous material used. Single and multi-
layer tracks could be deposited.  Although smooth and even on the surface, the 
single layer tracks displayed porosity. In case of multi-layered tracks, delamination 
from the substrate material and deformation can be seen. High-speed videos of 
the process reveal various process phenomena such as melting of ore powder 
during feeding, cloud formation, melt pool size, melt flow and spatter formation. 

Originality/value: Very little literature is available that studies the possible use of 
ore in additive manufacturing. While the process studied here is not industrially 
useable as is, it is a step towards processing cheap unprocessed material with a laser 
beam. 

1. Introduction 

Laser additive manufacturing with a powder feedstock is a technique, which is 
growing in popularity in industry. One of its limitations is the high cost of high 
quality spherical powders generally used in processes such as directed energy 
deposition (DED, or Laser Metal Deposition (LMD)), or laser powder bed fusion 
(LPBF).  
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Several methods are used for producing powder, each resulting in specific 
characteristics. These methods are categorised into mechanical (such as 
atomisation processes and mechanical milling) and physical/chemical methods 
(such as electrolysis and chemical conversions). Gas atomisation is the most 
common process used to produce spherical powder with high purity, where 
molten metal is dispersed into small droplets by a high-pressure jet of inert gas 
(Antipas, 2013). Rotating electrode processes also exist, and produce powder with 
larger diameters. Water atomisation uses high-pressure water as the atomising 
medium. It produces powders with irregular shapes due to the impact of the 
water. Plasma atomisation produces pure and high quality spherical powder, and 
is often used for metals like titanium. Mechanical milling uses a ball or rod mill 
to produce very fine powders, often from brittle materials, and can facilitate 
mechanical alloying. Plasma spherodization is an additional treatment to change 
the shape of irregular powders to spheres and reduce porosity (Popovich and 
Sufiiarov, 2016).   

The price of spherical powder available for laser additive manufacturing is strongly 
dependent on both the material composition and the production method. The 
price per kilogram of powder for an iron-based alloy ranges from 20-
100 US-$/kg. While the price of the raw materials, such as iron ore pellets ranges 
between 30-100 US-$/tonne between the years 2015-20 (LKAB Sweden, 2020).  

Several attempts have been made to use cheaper powders for the process. Water 
atomised powders and machining waste have been used to successfully produce 
tracks without significant defects (Pinkerton and Li, 2004a, 2004b; Mahmood, 
Syed and Pinkerton, 2011). Flowability of powders is a prerequisite for the DED 
process. Ball milled powders have been shown to have good flowability and can 
produce mechanically alloyed powders with homogenous composition, possibly 
for precision applications of DED (Khademzadeh, Parvin and Bariani, 2015; 
Additive Manufacturing of Metals, 2020). The technique can also be employed 
for producing composite powders for functionally graded laser clads (Pei et al., 
2011). 

Very little literature is available regarding the use of near-unprocessed material 
such as iron ore in additive manufacturing. A study regarding the use of ore 
powder has been carried out for laser powder bed fusion (Brandemyr, 2019). This 
present paper presents a study on the process observation and results concerning 
DED of iron ore. 

The aim of this research is to gain improved understanding of the behaviour of 
iron ore when melted by a laser beam in a continuous manner, which has hardly 
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been studied yet. This fundamental knowledge is essential to further develop two 
new additive manufacturing routes:  

(i) Manufacturing tailored low cost parts with relatively low mechanical demands. 
The material can achieve a rock-like mineral nature. Such parts might only be 
used once, for example support structures for sand in injection mould preparation, 
or spacer parts for packaging. 

 (ii) Instead of ore mining for steelmakers, ideally the reduction process of ore 
takes place during an additive manufacturing process, by adding a suitable 
reducing agent. Another oxide can form that can be removed while iron remains, 
to be suitably alloyed, then solidifying as a track, for steel part production. 
Corresponding research is in progress. 

Today’s steelmaking from iron ore is globally a main source for CO2-emissions 
causing global warming. In Sweden more than 10 % of all CO2-emissions 
originate from the reduction process of iron ore to iron. When an 
environmentally friendly chemical reduction is found in an ore-based laser 
additive manufacturing process, CO2-emissions will be avoided, to an extent 
proportional to its use. There are likely to be other advantages, which has huge 
potential. The basic knowledge studied in this paper about behaviour of iron ore 
melt when processed by a laser beam is an important first step towards such new 
additive manufacturing technique. 

2. Materials and methods 

After mining, iron ore undergoes crushing, magnetic separation of large 
impurities, concentration and pelletization to increase its iron content. In this 
present work, waste collected during the pelletization process starting with the 
magnetite ore at LKAB, Sweden (LKAB Sweden, 2019) was used as feedstock 
material in laser DED.  

The ore powder received was dried for 24 hours at 120˚C and sieved to separate 
the size ranges 45 70 µm and 70-200 µm for the process. The powder particles 
were coarse and irregularly shaped, as can be seen in the SEM images in 
figure 1(a). Stainless steel 316 L was used as the substrate material. The chemical 
compositions of the substrate and powder materials are given in table 1. Note that 
the composition of iron ore can vary from mine to mine. 

Single and multi-layered tracks were deposited by laser DED using a coaxial 
nozzle. The laser beam and shielding gas travel through a central hole in the 
nozzle, while the powder, along with the carrier gas, was fed through a ring-slit. 
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Argon was used as both the shielding and carrier gas. Powder was fed through a 
commercial powder feeder. The processing laser was a diode laser with 
wavelength 980 nm and spot size 10 mm with a Gaussian distribution. The laser 
power ranged between 7-9.5 kW, the travel speed between 0.3-0.7 m/min 
(5.00-11.67 mm/s) and the mass feed rate between 4.0-15.0 g/min 
(0.07-0.25 g/s). The carrier gas flow was 15 L/min (0.25 L/s) and shielding gas 
flow was 30 L/min (0.50 L/s). The experimental parameters considered in this 
paper can be found in table 2. The multi-layer deposition was carried out with 
laser power 9 kW, travel speed 0.7 m/min (11.67 mm/s) and mass feed rate 
15.0 g/min (0.25 g/s) with pauses for each layer to cool before deposition of the 
next layer. A schematic diagram of the experimental setup is presented in 
figure 1(b). 

Table 1: Chemical composition of the powder and substrate material used in percentage. 

 Fe O Gd Mg Si Ca Mn Ti S P K Cr Ni N C 

Ore  69.06 19.34 4.63 3.44 1.55 1.54 0.38 0.11 0.02 0.01 0.01 0 - - - 

SS 
316
L 

Bal. - - - 
< 
0.75 

- < 2 - 
< 
0.03 

< 
0.05 

- 
16- 
18 

10-
14 

< 
0.1 

< 
0.03 

Table 2: Experimental parameters 

Parameter 
set 

number 

Laser power 
kW 

Travel speed 
m/min (mm/s) 

Mass feed rate 
g/min (g/s) 

1 7 0.7 (11.67) 15.0 (0.25) 
2 9 0.7 (11.67) 15.0 (0.25) 
3 9.5 0.7 (11.67) 6.0 (0.10) 
4 9.5 0.5 (8.33) 5.5 (0.09) 
5 9.5 0.4 (6.67) 4.5 (0.08) 
6 9.5 0.4 (6.67) 4.0 (0.07) 
7 9.5 0.3 (5.00) 4.0 (0.07) 

High-speed imaging (HSI) was used for process observation. Videos were 
recorded from the side with the camera angled at 30˚ to the horizontal at frame 
rates of 5000-10000 frames per second. The videos were then played back at 
lower frame rates to observe the powder feeding and catchment behaviour, melt 
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pool dynamics and solidification. After deposition, the specimens were inspected 
for porosity using Computed Tomography (CT). 

 

Fig. 1: (a) SEM images (two magnifications) of the iron ore waste from the pelletizing 
process, and (b) the experimental setup. 

3. Results and discussion 

Tracks and walls could be deposited using iron ore onto a stainless steel substrate. 
Due to the characteristics of the ore powder, it was expected to form agglomerates 
and likely to have poor flowability. The flowability improved when the smaller 
size fraction (45-70 µm) was separated out of the powder. This outcome has also 
been reported regarding titanium sponge powders with irregular shapes (Amado 
et al., 2019). After the smaller particles had been removed, it was possible to feed 
the larger particles (70-200 µm) through a powder feeder. 

While feeding the powder, a cloud of very fine ore particles is often formed 
between the nozzle and the melt pool/substrate. It is expected that this cloud 
attenuates the laser beam. The degree of attenuation is unknown but expected to 
vary depending on the characteristics of the cloud, leading to irregularities with 
the deposited clads. Attenuation of the laser beam is an established phenomenon 
in DED (Lia et al., 2017), and is expected to be higher in case of powder particles 
with irregular shapes. Smaller powder particle sizes and high feeding rates increase 
the probability of forming the cloud, but its density varies randomly. It could also 
be seen from the high-speed videos that some powder particles arriving at the 
melt pool were spherical, implying that they had melted after absorbing enough 
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laser radiation on their way to the melt pool. The cloud formed is marked in 
figure 2(a), and the molten powder particles in figure 2(b) deposited with 
parameter set number 1 from table 2. 

 

Fig. 2: (a) formation of a cloud and (b) melting of ore powder by the laser beam during 
feeding. 

In spite of the ore being a geometrically and compositionally non-uniform, it was 
possible to form a stable melt pool and deposit tracks on the stainless steel substrate 
using laser DED. The size and characteristics of the melt pool depended on the 
laser energy density at the surface of the substrate. From figure 3(a)(i-iii), it can 
be seen that a small melt pool with wetting around the edges  or a large melt pool 
could form, with and without substrate melting (parameter set number 6, 2 and 
7 from table 2 respectively). Powder particles arriving at the melt pool float on 
the surface for a short time before incorporating. This phenomenon has been 
observed in other DED processes using gas atomised powders (Siva Prasad, 
Brueckner and Kaplan, 2019; Siva Prasad et al., 2020). During this time, they to 
travel (most often radially outwards) with the various melt pool flows, for 
example, Marangoni flow. 

During the process, spattering was observed. A frame sequence from HSI showing 
spatter is presented in figure 3(b)(i-iv). It is expected that spattering occurs due to 
the presence of low boiling elements in the ore powder such as phosphorous, 
sulphur, potassium, magnesium, and calcium (Kaplan and Powell, 2011). In the 
high-speed videos, spattering was visible mainly from the front of the melt pool. 

Figure 3(c) shows frames from HSI during multi-layer deposition. The tracks 
become more uneven, and the length of the melt pool varies, depending on the 
geometry of the previous deposited layer. When several layers are deposited, 
delamination from the substrate can be seen, for example, in 
figures 3(c)(iii) and 4(b). This occurs because of the presence of tensile stresses 
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due to shrinkage during solidification. Delamination is expected to happen at the 
weakest area in the clad, in this case the transition between the substrate and the 
deposited tracks. Re-melting of a deposited track led to uneven results due to 
balling of the melt as a result of surface tension forces. Figures 3(b) and 3(c) show 
extracts from videos of experiments carried out using multi-layer deposition 
parameters presented in the methods section of the paper. 

 

Fig. 3: Observations in the melt pool: (a) single tracks deposited showing increasing 
amounts of substrate wetting and melting, (b) an image sequence showing generation of 

spatter from the melt pool, and (c) the melt pool in multi-layer deposition. 

The deposited tracks and walls can be seen in figure 4(a) and 4(b) respectively. 
Some cracks were observed on the walls and tracks. The CT results show a high 
degree of porosity in the tracks, an example of this is shown in figure 4(c). Porosity 
may occur due to several reasons, such as: 

- porous powder particles  and entrainment of shielding gas trapped in the 
powder stream, worsened due to the non-optimal flow of irregularly shaped 
powder particles (Ng et al., 2009), 

- insufficient wetting and gas retention between powder particles (Siva Prasad, 
Brueckner and Kaplan, 2020),  

- lack of fusion due to an insufficient capacity to melt the powder material (Ng 
et al., 2009), and 

- degassing of volatile constituents in the ore. 
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From EDX analysis of the ore melted using the laser beam, it could be seen that 
some areas have very high iron content (over 95 %). Some elements such as 
calcium, phosphorous, potassium with low boiling points are lost during 
processing due to the high temperatures. However, extensive analysis needs to be 
done to make any conclusive statements. 

 

Fig. 4: (a) Deposited single tracks, (b) multi-layered wall (6 layers) and (c) results from a 
CT scan of a deposited single track. 

The various phenomena observed through visual inspection, HSI and the CT 
results can be categorised into three groups based on their location:  

- powder particle activity during feeding,  
- the melt pool dynamics 
- features of the solidified track.  

These phenomena are presented schematically in figure 5. 

4. Conclusions 

Directed energy deposition was carried out with waste from the iron ore 
pelletizing process as the feedstock material: 

- Irregularly shaped ore powder can be fed through commercial powder feeders 
and nozzle systems (but such powders might need to be filtered to reduce the 
range of particle sizes). A cloud of ore particles can form between the nozzle 
and the melt pool, leading to irregularities. 

- Single tracks and multi-layered walls can be deposited. 
- A single, large and calm melt pool is formed in spite of the inhomogeneous 

feedstock material. Unmelted powder material can be seen floating on the 
surface of the melt pool. In addition, some powder particles melt on exposure 
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to the laser beam during feeding to form spherical droplets before reaching 
the melt pool. 

- The deposited single tracks were smooth and even on the surface. However, 
a high amount of porosity was present inside the tracks, likely due to 
entrapment of the feeding and shielding gases by the melt pool flows as well 
as degassing of volatile constituents in the ore. 

- Deposition of several layers leads to a non-uniform wall build up. Compared 
to conventional materials, the deposited tracks are weak, leading to cracking 
and delamination. 

- The process is not ready for application but describes the potential for use of 
cheap and near unprocessed powder in laser based additive manufacturing 
processes. Further modifications of the powder or the process might yield 
direct use in industrial applications. 

 

Fig. 5: Schematic illustration of the various phenomena observed during DED of iron ore. 
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Abstract 

Green laser sources are advantageous in the processing of copper due to the 
increase of absorptivity compared with more commonly available infrared lasers. 
Laser metal deposition of copper with a green laser onto various substrate metals 
namely copper, aluminium, steel and titanium alloy was carried out and observed 
through high-speed imaging. The effects of process parameters such as laser 
power, cladding speed and powder feed rate, and material attributes such as 
absorptivity, surface conditions and thermal conductivity are tied together to 
explain the size and geometry of the melt pool as well as the fraction of the power 
used for melting material. The copper substrate has the smallest melt pool with a 
high angle, followed by aluminium, steel and titanium alloy. The incorporation 
times for powder grains in the melt pools vary based on the substrate materials. 
Its dependency on material properties, including surface tension forces, melting 
temperatures and material density, is discussed. Oxide skins present on melt pools 
can affect powder incorporation, most significantly on the aluminium substrate. 
The lower limits of the fraction of power irradiated on the surface used purely for 
melting were calculated to be 0.73 %, 2.94 %, 5.95 % and 9.78 % for the copper, 
aluminium, steel and titanium alloy substrates, respectively, showing a strong 
dependence on thermal conductivity of the substrate material. For a copper wall 
built, the fraction was 2.66 %, much higher than a single clad on a copper 
substrate, due to reduced workpiece heating. The results of this paper can be 
transferred to other metals with low absorptivity such as gold. 

Keywords: Copper, Laser metal deposition, Additive manufacturing, High-speed 
imaging, Multi-material, Green 515-nm laser, Directed energy deposition, 
Absorptivity, Powder grain incorporation, LMD, DED 
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1. Introduction 

Additive manufacturing is a technology through which components are 
manufactured by adding material in layers. There are two main types of powder-
based additive manufacturing using laser as the main energy source: blown 
powder and preplaced powder. Blown powder laser additive manufacturing, also 
called laser metal deposition (LMD), is a process where metal powder is fed into 
a melt pool created by the laser beam to produce a fully dense near net-shaped 
component, as described by e.g. Gibson et al. [9]. These additive manufacturing 
methods can be used to produce structures that cannot be manufactured through 
conventional processes, e.g. Brueckner et al. [8] wrote about locally tailored 
material properties and in situ alloying among others. It was shown that linearly 
graded transitions between miscible material combinations could be achieved 
through LMD. LMD can also be applied to material combinations that have 
required and beneficial, limited or no miscibility. 

Pogson et al. [17] mention that copper structures of increasing importance such 
as micro-heat exchangers are difficult to manufacture through conventional 
methods. Popovich et al. [18] summarised that the high electrical and thermal 
conductivity of copper along with good corrosion resistance makes copper an 
interesting material for tooling inserts and cooling components as well as in 
electrical components when it is precipitation strengthened or alloyed. 
Selective laser melting of dense copper structures was reported by Lykov et al. 
[13], and thin-walled honeycomb structures by Pogson et al. [17]. Deposition of 
a functionally gradient material with varying fractions of copper and nickel 
through LMD has been carried out with a CO2 laser by Mazumder and Stiles [16]. 
Imran et al. [12] succeeded at depositing tool steel powder onto a copper substrate 
through LMD, with and without a buffer layer, intended to make bimetallic 
tooling using a CO2 laser. 

There is a material-based variation in electromagnetic absorption, e.g. Brueckner 
et al. [8]. The wavelength-dependent absorption of electromagnetic radiation in 
twelve different materials, plotted based on spectral reflectance data from the work 
of Spisz et al. [21], can be found in Fig. 1. The surface condition is described as 
‘as received’ and cleaned, which can be assumed to be smooth but not ideal. The 
transmission of radiation through a material depends on material type, thickness 
and the wavelength of radiation used. Metals, that are not thin films, are opaque 
to visible and infrared (IR) wavelengths [5]. 
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Fig. 1: Spectral absorptance for various high purity metals with a cleaned but not ideal 
surface finish plotted using data from Spisz et al.(1969) 

Bourell et al. [6] explain that it is difficult to create a melt pool for highly reflective 
(resulting in low absorption) alloys such as copper and aluminium. Asano et al. [2] 
used a blue direct diode laser to deposit a copper film through a blown powder 
process on type 304 stainless steel. Due to the high absorptivity of the blue light 
in copper, clads could be deposited with laser power as low as 56 W. Table 1 lists 
spectral absorptance for various metals for 457 nm, 525 nm and 1085 nm which 
are close to the wavelengths of blue, red and IR lasers respectively. It is clear that 
the increase in absorptance between IR and green lasers is much higher than that 
between green and blue laser systems. High-power green laser systems are now 
commercially available, and are more accessible than blue laser systems. Use of 
green lasers with wavelength close to 500 nm would increase the absorption of 
laser radiation in copper by more than ten times compared with 1070-nm lasers. 

Table 1: Values for spectral absorptance for copper, aluminium, stainless steel and 
aluminium for wavelengths close to blue, green and IR laser wavelengths, from Spisz et 

al. (1969) 

Wavelength (nm) Spectral absorptance for material (%) 
 Copper Aluminium Stainless steel Titanium 
457 (Blue laser) 65.2 13.6 43.2 80.8 
525 (Green laser) 54.5 13.5 40.2 78.6 
1085 (IR laser) 4.0 5.2 30.1 65.2 
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Hess et al. [10] demonstrated welding of copper using 515-nm and 1030-nm lasers 
combined. Using only an IR laser with the same line energy, only heat 
conduction welding could be carried out on copper. 

1.1. Material property impact on laser-generated melt pool dimensions 

A number of physical factors related to the substrate and powder materials as well 
as their surface condition play a role in determining the melt pool size and 
geometry. Absorptivity of the wavelength of the laser radiation is of high 
importance, determining how much energy radiated onto the surface is absorbed 
and used in the process. From Fig. 1, it can be seen that the spectral absorptance 
for various metals decreases with increasing wavelength. Absorptivity is 
temperature dependent. Bergström [5] summarised that it can generally be 
described to increase linearly with temperature in their solid phase. On 
undergoing the solid–liquid transition, the increase in absorptivity is in the order 
of 150–200 % after which it continues to increase linearly. 

Surface roughness present on surfaces favours the absorption of laser radiation as 
explained by Bergström [5], i.e. sandblasted surfaces absorb more radiation than 
polished surfaces. Oxide layers found on most metal surfaces can also help in 
increasing absorption. Tolochko et al. [22] write that powder materials absorb 
more radiation than dense materials in general mainly due to multiple reflections. 
The temperature of powder grains also rises faster due to their small volume. This 
is significant in the case of LMD, where the powder grains can be heated by the 
laser beam before they reach the melt pool. 

An important factor that plays a role in the formation of the laser-generated melt 
pool and its properties is thermal conductivity, which describes the rate of heat 
transfer from the hot to the cold end of the material. Copper at room temperature 
has high thermal conductivity (385 W/mK), implying that heat is quickly lost to 
the colder parts of the substrate. Mazumder [15] mentions that convection is the 
most important factor influencing the melt pool geometry, including aspect ratio 
and shape. It is also said to dominate alloying (or dilution) in laser cladding-like 
processes. An influence on convection is the viscosity of the molten material, 
whose value is also a temperature-based gradient. Melting and vaporisation 
temperatures of the material are also significant in determining melt pool 
properties. 

1.2. High-speed imaging 

High-speed imaging is an effective tool for studying process behaviour. A video 
of the process is captured at a high frame rate ranging from few hundred frames 
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per second to multiple hundred thousand frames per second, and later played back 
at lower speeds. Phenomena that are generally difficult to observe then become 
visible. The concept of using high-speed imaging to observe laser processes dates 
back to 1985, when Arata et al. [1] studied high-power CO2 laser welding. LMD 
has been studied through high-speed imaging by Siva Prasad et al. [20], who 
described the powder catchment behaviour of Inconel 718 deposited on stainless 
steel. 

Although it is known that various material properties have an effect on the melt 
pool properties, these results are not available in a visual and comprehensive way 
elsewhere. This paper discusses and compares the effects in various metals 
influencing the laser-generated melt pool in various substrate metals with 
observations from high-speed imaging. Incorporation behaviour of powder grains 
in the melt pool is also compared among the substrate materials. 

2. Methodology 

Single tracks of 99.9 % pure copper were cladded onto various substrates, listed 
in Table 2. The feedstock of copper powder was of size 50 to 90 µm. A coaxial 
ring-slit nozzle was used for the deposition where the laser beam and shielding 
gas travel through a central hole and the powder along with the carrier gas is fed 
through the surrounding slit. Argon was used as both the carrier and shielding 
gases. Both the powder and laser beam interact before reaching the melt pool 
surface. 

Table 2: List and specifications of the substrate materials 

Substrate material Specification 
Copper (sand blasted) 99.9 % copper 
Aluminium (sand blasted) 99.6 % aluminium (EN-AW 1100) 
Steel 1.2343 (X37CrMoV5-1) 
Titanium alloy Ti6Al4V 

A frequency-doubled disk laser source with effective wavelength 515 nm and 
maximum power 1 kW was used with spot size at focus of 1.7 mm and 
Gaussian distribution. A number of parameters with power ranging from 200 W 
to 1 kW, travel speed from 0.1 to 0.5 m/min and powder feed rate from 0.65 to 
3.9 g/min were used to create the tracks on the listed substrates. 

High-speed imaging was used to study the process behaviour from the side. The 
processes were filmed using a high-speed camera at a recording frequency of 
10,000 frames per second (fps), making the shortest observable time step 0.1 ms. 
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Continuous wave laser illumination with wavelength 808 nm and maximum 
power of 100 W was used to illuminate the process. A narrow band-pass filter 
matching the wavelength of the illumination laser was used to block out the 
processing laser light. The camera was angled at 30° horizontally to capture the 
process. The process setup can be found in Fig. 2(a) and a cross-section image of 
the process is in Fig. 2(b). 

 

Fig. 2: Schematic illustration of the (a) side view of the experimental set up, and (b) cross 
section of the process overview 

The videos were played back at low speeds to observe the melt pool dynamics, 
powder catchment behaviour and solidification properties. Cross sections of the 
tracks were made to observe dilution and track shapes. Surface images were also 
taken. Image processing software was used to measure melt pool length, track 
width, track height from the surface of the substrate, melting depth and area of 
the melted regions in the cross section. 

3. Results and discussion 

Copper tracks were successfully cladded onto the four substrate materials: copper, 
aluminium, steel and titanium alloy. A wall of copper was built on the steel 
substrate showing the possibilities of multilayer processing with copper powder 
using the green laser; it can be seen in Fig. 3. Table 3 lists the minimum required 
power for the given speeds and powder feed rates for each of the substrate 
materials. 

 

Fig.3: Copper wall built on steel substrate 
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Table 3: The minimum required power for given cladding speed and powder feed rate for 
the four substrate materials 

Substrate material Copper Aluminium Steel Titanium alloy 
Laser beam power (kW) 1 0.6 0.2 0.2 
Cladding speed (m/min) 0.1 0.5 0.5 0.5 
Powder feed rate (g/min) 1.3 1.3 2.6 3.9 

Measurements of the melt pool lengths from high-speed imaging of the LMD 
processes and cross-section images showed that: 

- Melt pool length and track width generally increase with increasing power. 
In lieu of varying power for copper, the cladding speed was decreased in steps 
since the minimum power needed to create a melt pool in copper was 1 kW. 
This also resulted in increasing melt pool lengths and track widths due to 
increased interaction time between the laser beam and the substrate. 

- With increasing laser power, track height (measured from the surface of the 
substrate to the top of the track) is seen to increase until a certain extent, as 
the fraction of incorporated powder increases, and then decreases. This trend 
was clear in the case of the steel and titanium alloy substrates, where a wide 
range of power could be used (200 W to 1 kW). 

- Dilution with the base material decreases with increasing powder feed rate, 
or/and reducing laser power. The area of cross section of the deposited track 
also increased with increasing powder feed rate. 

Frames from high-speed imaging of copper deposition on a copper substrate can 
be seen in Fig. 4. The process is seen to advance intermittently, as in Fig. 4(b). As 
the laser beam moves forward, a molten region is seen to form on the substrate 
directly in front of the melt pool (in Fig. 4(b)(i)). The melt pool joins this molten 
region, lengthening slightly (approximately one-tenth of the melt pool length). 
The melt pool shape and size then regularise, and a molten region starts to form 
in front of it again. This cycle takes about 0.12 s.  

From the high-speed imaging, as in Fig. 4, it can also be seen that there is not 
much melting of the base material implying low/no dilution, and the melt pool 
angle (the surface of the melt pool is not horizontal, it is at an angle to the 
horizontal) is high (35° in this case). Since the horizontal area covered by the melt 
pool is low, this decreases the probability of catchment and incorporation of the 
fed powder grains. Waves appear on the surface of the melt pool, due to the 
impact of the powder grains. 
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Fig. 4: Frames from high-speed imaging of copper deposition on a copper substrate using 
power 1 kW, powder feed rate 1 g/min and cladding speed 0.1 m/min. (a) Reference 
image indicating the region of interest. (b) Progress of the process: movement of the melt 
pool as the laser beam moves forward (with white circles indicating the region of interest), 
and (c) incorporation of powder grains in the melt pool (the white circles mark the position 

of the powder grain). 

The high-speed imaging sequence of the incorporation of a powder grain into 
the melt pool is in Fig. 4(c). In the first frame, the powder grain arrives at the 
surface of the melt pool. It floats on the melt pool, after which it is incorporated 
or sinks into the melt pool, 0.3 ms after first contact with the melt pool. 
Integration of powder grains in the melt pool can be seen to happen in as little as 
0.1 ms from first contact. Powder grains that arrive at the edges of the melt pool 
may remain on the surface of the clad. They interact with the melt available and 
attach, or have a molten surface as a result of their interaction with the laser beam, 
but in either of these the powder grains are not fully melted. 

Figure 5 shows frames from high-speed imaging of the process of the deposition 
of copper on an aluminium substrate. An oxide skin is present on the melt pool 
surface along the edges and moves dynamically on the surface. Some bright frothy 
patches are also present at the front end of the melt pool. The angle of the melt 
pool is also very low (almost horizontal), signifying melting and dilution of the 
substrate. This also increases the possibility of powder catchment in the melt pool.  

Powder grains arriving at the centre of the melt pool incorporate within 0.1 ms 
of arriving at the melt pool, as in Fig. 5(b). They are not seen to be floating or 
moving, and likely incorporate at the position of initial impact. Some waves and 
movements can be spotted in the melt pool, but no small ripples are seen. 
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Fig. 5: Frames from high-speed imaging of copper deposition on aluminium using laser 
power 1 kW, cladding speed 0.5 m/min and powder feed rate 1.3 g/min. (a) Reference 
image indicating region of interest; frame sequences for (b) incorporation of powder grains 
into the melt pool and (c) incorporation of powder grains arriving on the oxide skin (the 

white circles mark the position of the powder grains). 

When powder grains make their initial contact with the oxide skin (marked on 
Fig. 5(b)(i)), there are two possible scenarios. In the first scenario, they break the 
oxide skin and incorporate immediately into the melt (within 0.1 ms). In this case, 
the powder grains only require 0.1 ms to sink into the melt, similar to those grains 
that arrive at the centre of the melt pool. The second scenario is shown in 
Fig. 5(c). The powder grain floats on this oxide skin for an extended period of 
time (2.8 ms in this case) before incorporating with the melt. During this time, it 
might undergo melting, and might even fully melt prior to incorporation with 
the melt pool. 

In Fig. 6, frames from the high-speed imaging of the deposition process can be 
seen. Along the entire edge of the melt pool, a 0.1-mm-wide oxide skin is present. 
Like in the case of aluminium, it floats on the melt pool and is broken up by the 
impact of powder grains. Figure 6(b) shows the incorporation of arriving copper 
powder grains into the melt. Incorporation happens within 0.1 ms for most 
observed cases, and generally within 0.2 ms. The melt pool appears to be flat and 
small ripples are formed on its surface on impact of the powder grains. 
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Fig. 6: Frames from high-speed imaging of copper deposited on steel using laser power 
1 kW, cladding speed 0.5 m/min and powder feed rate 2.6 g/min where (a) is the 

reference image and (b) is a frame sequence showing incorporation of powder grains into the 
melt pool (the white circles mark the position of the powder grains). 

Frames from the high-speed imaging of the LMD process on a titanium alloy 
substrate can be found in Fig. 7. From the reference image (Fig. 7(a)), it can be 
seen that the melt pool is 4.82 mm long, and the laser beam only irradiates the 
first 1.7 mm. Small patches of oxides can be seen on the melt pool surface. 
Figure 7(b) shows the incorporation of a powder grain into the melt pool. The 
powder grain is incorporated within 0.1 ms of making first contact with the melt 
pool. On impact, small ripples are formed on the laser-irradiated region of the 
melt pool. Melt is slowly pushed towards the solidifying edge of the melt pool, 
which is at a higher vertical position than the front of the melt pool. 

 

Fig. 7: Frames from high-speed imaging of copper deposited on the titanium alloy using 
laser power 0.6 kW, cladding speed 0.5 m/min and powder feed rate 3.9 g/min where 
(a) is the reference image and (b) is a frame sequence showing incorporation of powder 
grains into the melt pool (the white circles mark the position of the powder grains). 

Figure 8 summarises the frames from the various high-speed videos (Fig. 8(a)), 
surface images (Fig. 8(b)) and cross-section images (Fig. 8(c)) of the clads on the 
four substrates using the same set of parameters: power 1 kW, powder feed rate 
1.3 g/min and 0.5 m/min. Data regarding melt pool length, track width and 
height, depth of melting, dilution, rough values of percentage of laser power used 
for melting and the incorporation time observed for the same parameters are 
presented in Table 4. The volume of melted material per unit time was calculated 
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from the cross-section images, i.e. the melted area from the images multiplied by 
the distance travelled per unit time. It includes the volume of the clad (copper) 
and the volume of the substrate melted. The lower limit of the laser power used 
for melting is calculated as the energy needed to melt the calculated volume of 
material. This includes the energy to raise the temperature of the base material 
and copper added from room temperature to their respective melting points, as 
well as their respective latent heats of melting. Heat conduction from the melt 
pool and heating the materials above their melting temperatures are not 
considered. This also gives a value for the lower limit of the overall absorptivity. 
At the parameters selected, there is no continuous melt pool in the case of the 
copper substrate. 

 

Fig. 8: (a) Frames from high-speed imaging, (b) surface images and (c) cross-section 
images of the clads of the LMD process of copper onto (i) copper, (ii) aluminium, (iii) steel 
and (iv) titanium alloy using parameters: power 1 kW, cladding speed 0.5 m/min and 

powder feed rate 1.3 g/min. 

In LMD, the laser beam interacts with the melt pool, which might be composed 
of mainly the base material, mainly the deposited material or a mix of both the 
substrate and base materials depending on the extent of dilution. The absorptivity 
for the wavelength of the laser beam would thus depend on the mixture of 
materials. The size and behaviour of the melt pool depend on the properties of 
both the base and deposited materials, i.e. both copper and the material being 
observed in the paper.  

From the observations made with regard to all four substrates considered, 
incorporation of the copper powder grains occurs most often within 0.1 ms after 
first contact with the melt pool (and maximum up to 0.2 ms and 0.3 ms in the 
case of steel and copper respectively). This is on average lower compared with 
the time taken for Inconel 718 powder grains to incorporate into the centre of a 
stainless steel 316 L melt pool as seen by Siva Prasad et al. [20]. In that case, the 
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incorporation times ranged between 0.28 and 8.16 ms depending on position of 
initial interaction between the powder grains and the melt pool. In the observed 
videos, the incorporation time was so short that the particles were not seen to be 
accelerated on the melt pool surface by e.g. Marangoni flow. 

Table 4: Melt pool length, track width, track height, melting depth, dilution, percentage 
of laser power used purely for melting and incorporation time observed for copper powder 

deposited onto copper, aluminium, steel and titanium alloy substrates for the same 
parameters: laser power 1 kW, cladding speed 0.5 m/min and powder feed rate 

1.3 g/min. 

Several factors influence the time taken for incorporation of powder grains in the 
melt pool. The maximum times taken for incorporation of powder grains in the 
melt pool were 0.1 ms for aluminium and titanium alloy, 0.2 ms for steel and 
0.3 ms for copper for the same feed material and parameter set. The influence of 
kinetic energy of the powder grains and the effects due to irradiation of the laser 
beam on the fed powder before they reach the melt pool can be considered the 
same for all the substrate materials used. Generally, powder grain size can 
influence its temperature and melting time, with smaller grains melting faster. 
Since the same feed material was used and only the maximum incorporation time 
is considered, this factor can also be ignored. The temperature of the melt pool 
could also affect incorporation times, where the lower incorporation times would 
be expected with melt pools with higher temperatures. This trend is seen for the 
copper, steel and titanium alloy substrates, while it does not apply to the 
aluminium substrate (with the lowest melting temperature among the materials 
considered). The most significant factor to affect incorporation time can be 
considered to be the surface tension forces, which are based on the composition 
of the melt pool and its temperature [23]. Additionally, wettability of the different 
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Copper - 1.04 0.26 0 0 0.73 0.3 
Aluminium 1.74 1.4 0.24 0.306 53.2 2.94 0.1 
Steel  2.60 2.34 0.14 0.382 77.5 5.15 0.2 
Titanium alloy 6.49 2.96 0.26 0.706 76.2 9.78 0.1 
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molten materials on solid copper and viscosity of the molten materials can also 
have an influence in incorporation. A trend regarding density of the molten 
materials and the maximum incorporation time is seen, without it necessarily 
being a cause. The higher the density of the melt, the longer the measured 
maximum incorporation times (densities are 8960 kg/m3 for copper and 
7810 kg/m3 for steel 1.2343 at room temperature; 7998 kg/m3 for pure 
copper [4], 4030 kg/m3 for Ti6Al4V [19] and 2372 kg/m3 for pure 
aluminium [3] at their melting points). 

The presence of the oxide skin on the surface of the melt pool varies between the 
four substrates. It is seen on the aluminium, steel and titanium alloy substrates, but 
it varies in quantity and stability. The oxide skin on the aluminium melt pool 
covers a large fraction of the melt pool and has the greatest impact on 
incorporation of the powder grains. It is segmented and scanty on the steel and 
titanium alloy melt pools, which is a possible reason why the copper powder 
grains are not seen to float on the oxide skin in these cases. It is also likely to be 
thinner than the oxide skin on the aluminium melt pool. The copper and 
aluminium substrates were sandblasted directly prior to cladding, removing 
surface oxides. Aluminium has a stronger tendency to oxidise than copper. An 
oxide skin is not visible in the high-speed videos for the copper substrate. Copper 
oxides are unstable at high temperatures, although they have a higher melting 
point than pure copper (1336 °C for CuO, 1230 °C for Cu2O and 1083 °C for 
pure Cu). Depending on the temperature of the melt pool, the oxides may be 
molten, or create a thin layer that does not have a significant effect with respect 
to powder incorporation. Their biggest significance is likely to be between 
different layers deposited by reducing wettability [17]. 

Absorptivity of the green laser beam in the different substrate materials is a 
significant reason for the different melt pool dimensions seen in Fig. 8 and 
Table 4. From the data of Spisz et al. [21] as in Fig. 1, the percentages of spectral 
absorptance for copper, aluminium, stainless steel and titanium for the green laser 
are 55 %, 13 %, 40 % and 78 % respectively for smooth surfaces. Note that these 
values can strongly shift (either increase or decrease) based on alloying elements 
added to the metals. The copper and aluminium substrates used were sandblasted, 
texturing their surfaces, likely increasing absorption. The melt pool dimensions 
are as expected from the absorption values for aluminium, steel and the titanium 
alloy. Although 55 % of the laser light irradiated on the copper substrate is 
expected to be absorbed, the melt pool generated is the smallest among the four 
substrate materials for the same parameter set. 
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A very small fraction of the laser energy irradiated on the surface of the metals is 
found to be used purely for melting both the substrate material and the deposited 
clad. In the case of copper, 0.73 % of the irradiated energy is calculated to be used 
for melting. In the case of the titanium alloy, where the largest melt pool is 
formed, 9.78 % of the laser energy irradiated is accounted for in melting of 
material. The remaining energy is reflected, scattered or conducted away from 
the melt pool, influenced by the thermal properties of the materials. 

In similar calculations made for the copper wall seen in Fig. 3, 2.66 % of the 
power irradiated was calculated to be used in melting of material. Compared with 
copper deposition on a copper substrate, the fraction of the energy used for 
melting in the wall is four times higher. This is due to reduced workpiece heating. 
Only the physical properties of copper were considered, since only the first layer 
of the clad was built on the steel substrate. Calculations for LMD by Brückner [7] 
have previously shown that only about 2.7 % of the power supplied to the laser 
unit, or 9.5 % of the energy radiated on the surface of the metal, is used in 
formation of a layer. Hofmeister et al. [11] observe that heat conduction is the 
greatest for the first deposited layer on the substrate and there is heat accumulation 
on thin-walled structures. 

As the thermal conductivity increases, the amount of heat conducted away from 
the melt pool increases, implying that a material with high thermal conductivity 
would form a smaller melt pool than a material with low thermal conductivity. 
The order of decreasing values of thermal conductivity is as follows: copper 
(385 W/mK), aluminium (205 W/mK), steel 1.2343 (42.2 W/mK) and titanium 
alloy Ti6Al4V (7.2 W/mK). The size of the melt pools follows this trend as can 
be seen in Fig. 8 and Table 4. The order of increasing melt pool length and track 
width is as follows: copper, aluminium, steel and titanium alloy substrates. The 
same trend is seen with regard to thermal diffusivity. It is obvious that melt pool 
width and length are correspondent to the thermal conductivity of the materials. 
However, some additional factors also play a role in defining melt pool size and 
shape such as convection, wettability, absorptivity and vaporisation. 

In the case of the steel specimen in Fig. 8, longitudinal cracks can be seen 
(Fig. 8(a)(iii) and (b)(iii)). The cracks form because of thermal stresses in the 
solidifying clad on the tool steel substrate. It has been seen in studies regarding 
welding of copper and tool steel that hot cracking is an issue. When there is a 
mixing of copper and steel melt, steel solidifies before copper; copper melt can 
then penetrate into the grain boundaries of solidified steel [14]. When the feed 
rate was increased in the experiments presented in this paper (Fig. 6), more energy 
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was used for melting copper rather than melting the base material. This changed 
the thermal cycle and reduced the mixing with the base material (tool steel), 
resulting in no cracks. The longitudinal cracks formed during solidification can 
therefore be related to the material composition and thermal stresses in the 
deposited clad and the base material. 

From the high-speed imaging frame seen in Fig. 8(a)(i), it can be seen that the 
melt pool formed on the copper substrate is very small with a length less than 
0.5 mm and patchy (not continuous), producing 0 % dilution. The powder grains 
in LMD often interact with the laser beam before reaching the surface of the 
substrate or the melt pool or the substrate. Effects like multiple reflections and 
small volume of powder grains decrease the power required for a temperature rise 
compared with a dense material. This can cause the surface of the powder grains 
to start melting, leading to the sintering effect that can be seen in the case of the 
clad with the copper substrate (at cladding speed 0.5 m/min). The cross-section 
image (Fig. 8(c)(i)) shows porosity and there is no dilution. Preheating of the 
substrate to raise its temperature would increase the absorption of the laser 
radiation [5], and increase the chance of forming a melt pool, which in turn 
promotes formation of a larger melt pool (since the increase in absorptivity is in 
the order of 150–200 % after the solid–liquid transition, when it continues to 
increase linearly). 

4. Conclusions 

Laser metal deposition of copper on copper, aluminium, steel and titanium alloy 
substrates was carried out with a 515-nm wavelength laser system and observed 
through high-speed imaging. 

- The copper substrate required the highest power and the slowest cladding 
speed to form a continuous melt pool and clad. Aluminium, steel and titanium 
alloy substrates follow the order of decreasing laser power requirement for 
the same cladding speed. Size and geometry of the melt pool in the process 
depend on multiple physical and thermal factors of the substrates as well as 
process parameters. 

- Incorporation of the copper powder grains in the melt is very fast and occurs 
within 0.1 ms for aluminium and titanium alloy substrates, but can be 0.2 and 
0.3 ms for the steel and copper substrates respectively. It is affected by a 
complex interdependence of multiple material properties including melt pool 
temperatures, melting temperatures for the various materials, viscosity and 
surface tension–driven forces. 
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- The oxide skin present on melt pools can have a strong influence on powder 
incorporation in the case of the aluminium substrate. The scanty oxide skins 
on the melt pools of steel and titanium substrates have little effect on powder 
incorporation. No oxide skin was seen on the copper melt pool. 

- The high angle and small size of the melt pool during deposition on the 
copper substrate along with the longer incorporation time make the 
probability of powder catchment lower than that for the other substrate 
materials. Preheating of the substrate might improve wettability, and thus the 
melt pool geometry and the catchment efficiency. 

- The lower limit of percentage of laser power used purely for melting of 
material was lowest for a single track at 0.73 % (2.66 % in a multilayer build) 
for copper deposition on copper substrate, 2.94 % for the aluminium 
substrate, 5.15 % for the tool steel substrate and highest at 9.78 % for the 
titanium alloy substrate. These values are strongly influenced by the degree 
of absorptance of laser radiation and the thermal conductivity of the materials. 
The remaining power is reflected, scattered or used for workpiece heating. 
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Abstract 

 

Blown powder directed energy deposition is carried out on various substrate 
surface conditions such as cleaned, sand blasted, milled, oily, cold galvanised and 
painted to study their influence on the process. High-speed imaging is used for 
process observation and the deposited tracks are analysed qualitatively and 
quantitatively using surface images, cross sectional macrographs and x-ray images. 
Frames from high-speed imaging revealing the removal of additional material 
from the surface such as paint and oil along with the different stages involved are 
presented. EDS analysis showed that no additional elements are found in the track 
volume. The quantitative results show that the surface conditions had minor 
influences on track width, track height, wetting angle, dilution and deposited 
cross sectional area. Defects such as porosity, inclusions and cracking were not 
observed related to the surface conditions. These findings could significantly 
reduce processing time for cleaning before directed energy deposition such as laser 
cladding or repair in industrial applications. 

Keywords: Laser cladding, laser metal deposition, surface conditions, 
contaminated surfaces, high-speed imaging 
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1. Introduction 

Blown powder directed energy deposition (DED) is an additive manufacturing 
process. In the process, metal powder is fed into a laser generated melt pool. The 
process is commonly also known as laser cladding or Laser Metal 
deposition (LMD). This method can be used to build parts layer by layer on a 
substrate [1], apply surface coatings [2], create functionally graded materials [3] or 
for repair [4] and remanufacturing [5]. The DED process produces structures or 
clads with a good metallurgical bond to the substrate or between layers. The 
dilution is kept low [2] at about 2-10 % [6] and porosities or inclusions are 
considered detrimental to the deposited structure [7,8].  

The absorption of laser light by surfaces depend not only on the wavelength of 
the laser beam and the processed material [9], but also on the surface conditions 
of the material. Generally, the absorption of laser light increases with the 
roughness of the surface due to multiple reflections, and with increase of 
temperature [10,11]. Other contaminations such as oxides, dirt and oil can also 
have an effect on the degree of absorption [10]. Painted surfaces have been seen 
to have higher absorption [11]. It has been seen that the addition of powder in 
the DED process and the material composition of the powder used also have an 
influence on the fraction of laser power absorbed by the substrate [12]. In general, 
it is desirable to have a high degree of absorption for process efficiency. 

Corrosion protection of metal surfaces is important both during storage and use. 
Many steel surfaces are coated with oil for protection against corrosion during 
storage and transportation. Paint or some other barrier coatings (such as epoxies, 
creamers, silicone coatings etc.) are applied for protection against oxidation during 
use. 

It is a common practice to clean and degrease metal surfaces with acetone prior 
to laser processing like brazing [13] or cladding [14]. The effects of these 
contaminants on the DED process is not well documented. It is also possible to 
use high-power lasers to clean surfaces form millscale, rust paint and grease 
[15,16]. Removal of paint using lasers has been shown to be more effective than 
sand blasting, with additional advantages of reduced noise, contaminant particles 
and vibrations [17]. All these cleaning processes consume resources in terms of 
equipment, material and time.  

The effect of the exact surface conditions in terms of roughness or contaminants 
like oil or paint on DED are very limited in literature. Some studies regarding the 
effect of oxidation state, roughness and topography on splat morphology and 



Himani Naesstroem Paper F: DED on various substrate conditions 

141 
 

wetting angle have been carried out for thermal spraying [18], but this information 
is not available in an organised form for DED. 

The use of high-speed imaging to observe DED processes has aided in 
understanding the effects of factors such as materials, processing parameters, 
equipment used etc. that affect the melt pool, incorporation of powder grains and 
the deposited clads [19–22].  

This paper presents the effects of various surface conditions including milled, sand 
blasted, oily, painted and cold galvanised on the DED process and the resulting 
clads. Significant observations could improve the efficiency of the process, 
especially for repair and remanufacturing as well as decrease their costs. 

2. Materials and methods 

Deposition was carried out through blown powder directed energy deposition. A 
coaxial continuous (ring slit) nozzle was used, where the powder is fed using the 
carrier gas through the slit, the laser beam and the shielding gas travel through the 
central hole. The experimental setup can be seen in figure 1. 

 

Fig. 1: Schematic diagram of the experimental setup. 

An Yb-fibre laser was used as the processing laser, with a 3 mm Gaussian spot on 
the surface of the substrate. The focus of the powder stream was aligned with the 
surface of the substrate. The specimen were made by depositing 70 mm long 
single tracks using the parameters presented in table 1. Clads were deposited with 
laser power 3.0 kW and an overlap of 50 % of the track width between each track. 
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The substrate material used for the experiments was 15 mm thick stainless steel 
(SS 304) sheets. Deposition was carried out with stainless steel 316 L powder with 
size 45-150 µm. Argon was used as both the carrier and the shielding gas. 

Table 1: Experimental parameters used for each surface condition 

No. Laser power Deposition rate Travel speed 
 (kW) (g/min) (m/min) 
1 1.5 23 1 
2 3.0 23 1 
3 4.5 23 1 

Surface conditions were created using the appropriate tools such as a sand blaster, 
mill, surface grinder or materials like paint and WD40. The surface conditions 
tested were created in the lab, so they are likely to be more extreme than typical 
conditions. For example, the specimen covered in WD40 (a blend of oils, 
intended mainly for protection against oxidation) were flooded with the fluid. 
Various surface conditions examined are described in table 2. 

Table 2: Descriptions of the substrate surface conditions considered 

 Surface condition  Details 
a Rolled and cleaned As received surface, cleaned with acetone 
b Sand blasted  Aluminium silicates (size: 0.2-0.5 mm) 
c Sand blasted Glass beads (size: 0.25-0.42 mm) 
d Ground 40 p (average particle size: 425 µm) 
e Milled Ra 2 – 3 µm 
f WD40 WD40 in excess 
g Sand blasted and WD40 Sand blasted with glass beads, WD40 in excess 
h Cold galvanised  Spray paint >90 % Zinc when dry, 2 layers 
i Painted Spray paint for metal, 2 layers 
j Sand blasted and 

Painted 
Sand blasted with glass beads, spray paint for 
metal, 5 layers 

The deposition process was recorded using a high-speed camera at 10,000 frames 
per second. To correctly illuminate the melt pool, a laser illumination source was 
used. The laser light was excluded using a narrow band pass filter matching the 
wavelength of the illumination laser, and cannot be seen on the videos. The 
camera was positioned at an angle of 30˚ from the horizontal. 
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Surface images of all the specimen were taken using a stereo microscope. These 
images were analysed visually first and then quantitatively to measure the widths 
along the 15 mm in the centre of the tracks deposited. This was done by tracing 
the edges of the deposited track on image processing software and using code to 
measure the width at every pixel column of the surface images. The measured 
values were then analysed. The track width for the multi-track clad was measured 
on the last track deposited. 

Metallographic cross sections were also prepared for all the specimen to measure 
track height, wetting angle, cross sectional area deposited and dilution. Track 
height was measured as the distance from the surface of the substrate to the top 
of the deposited track. Dilution was measured as the percentage of the remelted 
area with respect to the total melted area (deposited area + remelted area) on the 
cross sections. Two cross sections were made for each surface condition and set 
of parameters. Two sets of measurements were made for track height, dilution 
and cross sectional area deposited as well as 4 measurements for wetting angle for 
specimen from each parameter set. 

All the specimen were analysed using X-rays to check for internal porosity along 
the full length of the tracks. Additionally EDS measurements were done on cross 
sections of the deposited tracks. 

3. Results and discussion 

It was possible to carry out DED using all three processing parameter sets 
presented in table 1 on all the surface conditions tested. Surface images of the 
deposited clads are presented in figure 2.   

The appearance of most of the deposited tracks is seen to be similar. In case the 
substrates with WD40 (Figure 2f and 2g), the exposed substrate around the 
deposited track is oily with powder grains resting in the liquid. The powder grains 
are not attached and can be wiped off. The track deposited on the cold galvanised 
substrate (Figure 2h) is covered in a greyish residue. The residue was easily 
removed by wiping with acetone. The paint around the track visibly burnt and 
peeling in a 1.5 mm wide area starting at the edge of the track. The coating further 
away from the deposited tracks or clads is undisturbed. The appearance of the 
welds and the surrounding areas in cases of the regular spray paint on the rolled 
and the sand blasted surfaces are similar as in figure 2i and 2j. A region 
approximately 0.5-1 mm wide around the track is cleared of paint, following 
which there is another region 1 mm wide covered in a thin layer of the paint 
used. This is followed by an area of thick paint with uneven surface appearance 
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with powder grains embedded in the paint. The powder grains are firmly attached 
to the paint and it was not possible to wipe or blow them away using compressed 
air. The same general characteristics were observed in case of all three powder 
steps and the multi-track clad deposited. 

 

Fig. 2: Surface images of the tracks deposited at laser power 3.0 kW for the different 
surface conditions. 

A cross sectional macrograph for the track deposited at laser power 4.5 kW on 
the sand blasted and painted specimen (5 layers) can be seen in figure 3. An 
illustrated description of how the quantitative measurements were made is 
included in the figure. Similar cross sectional macrographs for all the deposited 
tracks and clads showed no pores or cracks in the volume of the tracks. This was 
verified using X-ray scans of the full length of all the deposited tracks. An example 
is presented in figure 4 for the sand blasted and painted specimen (5 layers). 
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Fig. 3: Cross sectional macrograph for a deposited track at laser power 4.5 kW on the 
sand blasted and painted specimen (5 layers) with a schematic description for the 

quantitative measurements. 

 

Fig. 4: X-ray images for each step of laser power and the multi-track clad as an example 
for the cold galvanised specimen 

Quantitative analysis of the surface images and the cross sectional macrographs are 
presented in figure 5. Some general trends were observed in the track width 
measurements, as seen in figure 5a. The milled, ground and sand blasted (with 
glass beads) specimen showed lowest average single track widths. The lowest track 
width for laser power 3.0 kW was for the milled substrate at an average of 
3.79 mm. Lower track widths were generally seen in specimen with smooth and 
shiny surfaces. These surfaces are likely to be more reflective towards the laser 
radiation. The painted, cold galvanised and sand blasted (with aluminium silicates) 
specimen resulted in the highest single track widths. The highest average track 
width at 3.0 kW laser power was 4.14 mm for the cold galvanised specimen. 
From literature it is known that rough surfaces show higher absorptivity for laser 
radiation [10]. The painted and cold galvanised substrates (along with the formed 
surface residues as seen in figure 2h) also appear to increase laser absorption. Laser 
absorption increases with temperature, so while the increase in absorption is only 
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for a short time until the paint is burnt or removed from the substrate, it might 
still aid in the overall increase in absorption. Similar phenomena have been 
observed in other studies regarding laser beam absorption by surfaces [11]. For 
single tracks deposited at all three steps of laser power, the standard deviation of 
the track widths was measured to be 0.1 mm. 

 

 

Fig. 5: Graphs showing various quantitative measurements of the deposited tracks: (a) 
track width, (b) track height, (c) wetting angle, (d) dilution and (e) cross sectional area 

deposited with average and standard deviation values 

The general trends observed for the single tracks did not apply to the multi-track 
clads. However, the standard deviation of track width for the clad was significantly 
lower, at 0.06 mm, showing a lower variation of track width in general, and a 
lower dependence on the starting substrate conditions. With an overlap of 50 %, 
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only half the area deposited on was the substrate, with the other 50 % being the 
previously deposited track. The tracks deposited were also wider than the single 
tracks at laser power 3.0 kW, both due to the increased temperature when 
deposition multiple tracks as well as the overlap between tracks. 

Quantification of the track height (figure 5b) from the cross sectional macrographs 
showed a general relation with the track widths. Cases with lowest track widths 
i.e. milled, sand blasted (with glass beads) and ground showed higher track widths 
with values 1.08 mm, 1.1 mm and 1.11 mm respectively for tracks deposited at 
laser power 3.0 kW. Following the same trend, lowest track heights were seen in 
the cases with highest track widths, painted, cold galvanised, WD40 on sand 
blasted and sand blasted (with aluminium silicates) specimen with values 1.04 mm, 
1.05 mm, 1.05 mm and 1.04 mm respectively. The standard deviation for all the 
track height measurements was approximately 0.03 mm. 

Measurements of wetting angle (figure 5c) showed that the lowest angles were 
measured for the rolled and cleaned, sand blasted (with aluminium silicates), 
painted (2 layers) and cold galvanised specimen with values between 48˚ to 53˚ 
for laser power 3.0 kW. High values were measured for the ground, sand blasted 
(glass beads), and milled with values above 54˚ for laser power 3.0 kW. The 
variation of wetting angle was the least for laser power 4.5 kW. In general, 
specimen that had higher track width had lower wetting angles. It is preferred to 
have a lower wetting angle in general, and also avoids porosity between 
overlapping tracks. In all cases studied, no porosity was seen on the cross sections 
of the multi-track clads deposited. 

Quantitative results regarding dilution presented in figure 5d did not show any 
clear trends that span across all tracks deposited at the three steps of laser power. 
The cold galvanised specimen had lower values for dilution than most other cases. 
This is possibly due to the energy consumed for the removal of the zinc layer on 
the surface of the substrate. Similar to results about dilution, the cross sectional 
area deposited also showed no clear trends. The difference in values for the various 
surface conditions was very low as can be seen in Figure 5e. 

On the whole, the variation in track width, track height, wetting angle, dilution 
and cross sectional area deposited is low for stainless steel. A stronger impact may 
be observed in other material combinations, and has to be investigated elsewhere.  

A comparison of the milled and sand blasted specimen (with aluminium silicates) 
in this study resulted in only small differences. From measurements of track width, 
wetting angle and track height, slightly better results are achieved in for the sand 



Paper F: DED on various substrate conditions Himani Naesstroem 

148 
 

blasted specimen as shown in figure 5a, 5b and 5c. It is expected that in materials 
with high reflectivity such as copper, the impact might be stronger. In the DED 
process, a melt pool is formed, which also reduces the impact of the surface 
condition. 

Frames form high-speed imaging of the process on the various surface conditions 
for laser power 3.0 kW are shown in figure 6. It is very clear from the videos that 
the behaviour of the melt pool, its solidification and the powder incorporation 
process in general are very similar. 

 

Fig. 6: Frames form high-speed imaging for the tracks deposited at laser power 3.0 kW 
for the different surface conditions. 

The main differences can be seen for the substrates with WD40, paint (2 and 
5 layers) and zinc paint (cold galvanised). Even for these surface conditions, the 
melt pool, powder incorporation and solidification looked very similar to the 
remaining cases. The differences were seen around the melt pool. 

The same phenomena are observed in both cases: WD40 and WD40 on sand 
blasted surface seen in figures 6f and 6g. A thin band is seen around the front and 
sides of the melt pool, where the surface is seemingly dry. The powder grains that 
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arrive in this area ricochet. Beyond this band, there is an area where disturbances 
are visible on the high-speed videos that appears like evaporation. This is a likely 
case, since the components of WD40 are all either gas, volatile, or similar to 
mineral oil have a boiling point less than 400˚C. Other oils that could be 
considered for the purpose of protection against corrosion are also likely to have 
a similar boiling point. The temperature of the melt is at least 1390˚C, the melting 
point of stainless steel 316 L. About 2 mm from the edge of the melt pool, the 
surface appears undisturbed with many powder grains lying in the liquid. 

In case of the cold galvanised specimen in figure 6h, the paint visibly peels off 
from the surface of the substrate around the melt pool and burns around the front 
edge of the melt pool. Smoke was visible during processing as well as on the high-
speed videos. Small flaps of the peeled paint detach and are seen to fly away on 
the videos. The melt pool appears calm and undisturbed.  

Both cases of the spray painted specimen showed the similar behaviour as shown 
on figures 6i and 6j. A thin band around the front and sides of the melt pool 
appear to be completely free of paint. This is followed by an area of melted and 
bubbling paint. Smoke is produced from this area, but is visibly less than that for 
the cold galvanised specimen. Beyond this, the paint on the substrate is 
undisturbed. 

From high-speed videos, it can be seen that there is a little spattering in case of 
the cold galvanised specimen when the process starts. Once the melt pool is 
formed, no spatter can be seen. In both cases of the painted specimen, smoke is 
seen until the melt pool is formed. Neither spatter, nor smoking is seen in the 
specimen covered in WD40. 

Results of EDS measurements of the cross sections of the deposited tracks indicate 
that there are no additional elements found in the deposited area. An example for 
the sand blasted and painted specimen is presented in figure 7. The composition 
is in agreement with 316 L, the deposited material, possibly with some dilution 
with the base material. Measurements of the other specimen showed very similar 
results. For example, no traces of zinc was detected in the track deposited on the 
cold galvanised substrate. 

The composition cold galvanising paint and the regular paint were both largely 
gases and volatile compounds that evaporate while the paint dries. The solvents 
used often have a low boiling point under 150˚C. They all likely evaporate well 
before the melt pool or laser beam reach them. Zinc has a boiling point of 907˚C, 
which implies that any remaining zinc on the surface after the paint peels off is 
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also likely to evaporate at the edge of the melt pool. Since the process is open and 
cannot trap gases or vapours as in welding a lap joint, no defects such as pores are 
formed.  

 

Fig. 7: Results from EDS analysis for the sand blasted and painted specimen (5 layers) 
showing the region of interest, the layered image and the spectrum. 

 

Fig. 8: Frame from high-speed imaging of a DED process on an oxidised substrate 
showing spatter. 

One surface condition that may have a stronger impact on the process and results 
is corrosion, especially since the melting point of the iron oxides are often 
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comparable to that of steel. In another study using wear resistant steels, a substrate 
with a thick oxide layer resulted in spatter from the melt pool. A substrate of the 
same material when milled did not produce any significant spatter. The study was 
conducted with a comparable nozzle to this study with laser power 900 W, 
deposition rate 7 g/min and travel speed 0.6 m/min. A frame from high-speed 
imaging of the process is presented in figure 8. It was also seen in another DED 
process that the presence of floating oxides in the melt pool contributed to spatter 
formation from low temperature regions [20]. 

4. Conclusions 

Blown powder directed energy deposition was carried out on substrates with 
various surface conditions such as rolled, milled, ground, sand blasted, oily, 
painted and cold galvanised. 

- For stainless steel as deposited material and substrate, some variations could 
be seen depending on the surface condition. The variations were minor. 
Depending on the application, the surface condition of the substrate may or 
may not have an impact. 

- Quantitative results regarding dilution and cross sectional area deposited 
showed low variation and no particular trends related to surface conditions of 
the substrate, with standard deviation being 5.28 % and 1.70 % of the average 
values for laser power 3.0 kW respectively. 

- Widest tracks were seen for the cold galvanised, painted, sand blasted and 
rolled (as received and cleaned) specimen. These conditions most often led to 
flatter tracks and low wetting angles. The standard deviation of track width, 
track height and wetting angle were 2.67 %, 2.23 % and 5.93 % of the average 
values for laser power 3.0 kW respectively.  

- Cold galvanising zinc paint, regular spray paint and oil on the surface of the 
substrate evaporate on the edges of the melt pool, and did not interfere with 
the deposition process. The resulting tracks showed no cracks, porosity or 
inclusions. Depositing directly on painted or oily surfaces can reduce 
processing time significantly in industry. 
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