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Diplomityössä tutkittiin 316L ruostumattoman teräksen suorakerrostusta (DED) laserilla ja 

langalla esittelemällä prosessin yleiskatsaus, sen nykytilanne tutkimuksessa ja teollisuudessa 

sekä tärkeimmät prosessi ominaisuudet. Diplomityö koostui kirjallisuuskatsauksesta, joka 

esittelee havainnot tieteellisistä teoksista ja artikkeleista, sekä kokeellisesta osasta, jossa 

testattiin prosessiparametrien vaikutuksia ja valmistettiin 3d rakenne. Diplomityö tehtiin 

osana Manufacturing 4.0 (MFG 4.0) -tutkimushanketta, jonka rahoittaa Suomen Akatemiaan 

kuuluva Strateginen tutkimusneuvosto (SRC).  

 

Lankapohjainen laser suorakerrostus on edelleen kehityksen alla oleva tekniikka verrattuna 

laserjauhe- ja kaari-lankapohjaisiin menetelmiin. Tutkimuksen ja teollisuuden sovellusten 

määrä on kuitenkin kasvussa lasersäteellä ja lankamateriaalilla saavutettujen etujen vuoksi. 

Lasersäde tarjoaa tarkan kosketuksettoman prosessointimenetelmän, ja langan käyttö 

mahdollistaa kustannustehokkaamman materiaalinkäytön sekä edistää kestävää tuotantoa. 

Kriittiset prosessiin liittyvät ongelmat käsittelevät suuntaamattoman materiaalinsyötön 

puutetta, jossa eri prosessiparametrit tarvitsevat tarkan konfiguroinnin jokaisen 

syöttösuunnan mukaan. 

 

Prosessi testattiin kokeellisessa osassa kuitulaserilla ja off-aksiaalisella 316L langansyötöllä 

osana LUT-yliopiston Laser Materials Processing and Additive Manufacturing -

tutkimusryhmää. Alustavilla testeillä saatiin todettua prosessin toimivuus, jota jatkettiin 

yksipalko suorakerrostus kokeilla, joissa selvitettiin prosessiparametrien vaikutuksia palko 

muotoihin. 3d rakenteen suorakerrostusta kokeiltiin valmistamalla yksinkertainen 

monipalkorakenne. Valmistettu 3d rakenne osoitti potentiaalia ulkoisen mittatarkkuuden ja 

virheettömyyden suhteen, mutta epäsäännöllisen rakenteen jäähtymisen aiheuttamaa sisäistä 

huokoisuutta havaittiin näytteen alemmissa palkokerroksissa. Tutkimustulokset osoittivat 

kuitenkin prosessin toimivuuden sekä antoivat ohjearvoja tulevalle kehitykselle. 
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This thesis studies the directed energy deposition (DED) of 316L stainless steel with laser 

and wire by presenting a process overview, its current situation in research and industry and 

critical process related characteristics. The thesis consists of a literature view part, which 

presents findings from scientific articles related to wire-based laser-DED, and an 

experimental part where the effects of process parameters are tested, and 3d structure is 

manufactured. The thesis is done as a part of the Manufacturing 4.0 (MFG 4.0) research 

project, funded by the Strategic Research Council (SRC) which is part of Academy of 

Finland. 

 

Wire-based laser-DED is still developing technology compared to the laser-powder and arc-

wire variants. However, the amount of research and industry applications are increasing due 

to advantages gained with laser and wire-form material. Laser beam offers a precise contact-

free processing method, and the use of wire brings higher and cost-effective material usage, 

and sustainable production. The critical process related problems deal with the lack of 

direction-free material feeding, where different process parameters need precise 

configuration with each feeding orientation. 

 

The process was tested in experimental part with fiber laser and off-axial 316L SS wire 

feeding in Laser Material Processing and Additive Manufacturing of LUT University. 

Preliminary tests concluded testing of suitable process parameters for concise single-bead 

deposition, which were further studied in experimental tests to examine the effect on bead 

geometry and external coherence. Overlapping multi bead deposition was experimented to 

manufacture a simple 3d structure. The multi bead sample showed good potential in terms 

of dimensional and structural coherence, but internal porosity due to irregular structure 

cooling was observed in the lower layers of the sample. However, the research results 

showed the functionality of the process and provided guidelines for future development. 
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1 INTRODUCTION 

 

 

Additive manufacturing (AM) has fast become one of the novel process genres in industry 

and home use. AM can offer high flexibility and good accuracy from initial design to a 

finished product and the uses vary from prototyping to completely end-use products. 

Directed energy deposition (DED) is one of the main standardized process variations within 

AM, which uses focused thermal energy to melt and fuse the material as it is being deposited. 

(SFS-EN ISO 17296-2, p. 11, 2016) 

 

This thesis will study the directed energy deposition of 316L stainless steel with wire and 

laser beam along the process fundamentals, its current state, possibilities, and difficulties in 

manufacturing.     

 

1.1 Motivation and background 

Directed energy deposition (DED) is a well-studied and utilized AM process, but at the 

current state the main development has been focused on powder material feeding or the usage 

of different heat sources, such as electron beam or electric arc. When compared to powder-

based DED, wire-feeding can offer more efficient material usage, environmental 

friendliness, and material cost reductions. (Ding et al. 2015, p. 466-468.) This due to readily 

available wire materials, minimal downtime in material change and clean-up and safer 

handling of metallic wire as opposed to powders. (Kingsbury, 2019.) 

 

This thesis is done at the research group of laser materials processing and additive 

manufacturing (LUT Laser&AM) of LUT University as a part of the Finnish Manufacturing 

4.0 (MFG 4.0) research project (decision number 335992), funded by the Strategic Research 

Council (SRC) which is part of Academy of Finland. This project started 1.1.2018 and ends 

31.12.2021. The MFG 4.0 project aims to study future aspects of manufacturing industry 

regarding changes in technology, education, business, and society. The goal is to find ways 

for the Finnish industry to prepare and manage in the industrial evolution. (MFG40.fi, 2020.) 

 

Figure 1 shows the research development on the subject of directed energy deposition 

through recent years.  
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Figure 1. Scopus publications of “Directed Energy Deposition” from years 2014 – 2020 

(Scopus.com, 2020).  

 

It can be observed from Figure 1 that the number of published documents on the subject has 

steadily been increasing in the recent years. Figure 2 introduces the main research areas of 

DED related scientific articles. The articles are based on current research, and do not 

necessarily include industrial applications. (Scopus.com, 2020.) 

  

 

 

Figure 2. Scopus search on main subject areas of DED related scientific articles from years 

2014 – 2020 (Scopus.com, 2020). 
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As it can be seen from Figure 2, the main fields of study include engineering (39 %) and 

material science (31.9 %), which cover over 70% of the chart. The growing interest can be 

seen along with the main subject areas of material science, engineering, physics, and 

industrial applications. (Scopus.com, 2020.) 

 

1.2 Research problem 

Wire laser additive manufacturing is an underdeveloped process in the market and requires 

further research. The development has been slowed down by the lack of wire feed direction 

independent methods. (Tuominen, 2019, p. 7–8.) This limits the manufacturable structures 

to mediocre complexity and often requires the use of maneuverable building base and 

specific process parameter configuration when material feeding is done off-axial. 

 

The current research done on the subject is highly focused on titan-based alloys used for 

aerospace applications, which means the use of conventional 316L stainless steel is not so 

highly documented according to overview on literature databases. Different material 

selection requires a whole new configuration of the manufacturing parameters suitable for 

the specific material and purpose. Commercially ready industrial applications utilizing DED 

with laser and wire are highly limited. The current DED industry is strongly focused on the 

use of powder materials, and wire based DED is focused on arc and electron beam utilizing 

methods. (Wohlers et al. 2020, p. 62–64.) 

 

1.3 Objective 

Aim of the research is study the current state of directed energy deposition of 316L stainless 

steel with laser beam and wire, what aspects have slowed down the process development 

and develop experimental test set-up and solutions for future process development.  

The following chapters conclude the research questions which are prioritized to be answered, 

and the hypothesis of the research. 

 

1.4 Research questions 

Research questions of this thesis are presented below. These questions are aimed to be 

answered with literature study and experimental tests. 

 

- What is the status of wire-based laser-DED in research and industry? 
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- What sort of problems does the wire-based laser-DED have? 

- How can these problems be countered? 

- What process parameters and methods can be utilized to manufacture concise structure? 

 

1.5 Hypothesis 

Hypothesis is in this thesis that DED of 316L stainless steel with wire and laser can be 

utilized to manufacture a concise one-direction layer structure. Lack of information of co-

axial setup and real time material feeding orientation adjustment will need further study. 

Hypothesis in the experimental phase is that the process parameters require precise 

adjustment with each deposited layer/bead to achieve good dimensional coherence. Presence 

of external and internal structure defects and deformations are a possibility due to 

underdeveloped nature of the process. Built structures can have distortions due to shrinkage 

of deposited beads, which could be countered with adequate preheating of substrate. 

 

1.6 Research methods 

The thesis consists of literature review and experimental parts. The literature review part is 

done by presenting key findings from scientific articles, books, journals, and web-articles 

from reliable sources. Methods adapted from the literature are tested in the experimental part 

of this thesis at the facility of Research Group of Laser Materials Processing and Additive 

Manufacturing of LUT University. Results of the experiments are further analyzed and 

reported in the thesis. The thesis will adapt the IMRAD-structure used in scientific reports. 

 

1.7 Scope 

This thesis focuses on DED method using laser beam as the heat source and steel wire as the 

additive material. While small comparisons in theoretical and experimental standpoints are 

made to other DED process variations, the main aim is to study aspects related to wire and 

laser utilization. Process study is also focused on fiber laser, which is one of the most 

common laser types in laser processing industries. Material studies focus on the utilization 

of 316L class stainless steel wire, which is frequently found austenitic stainless steel in the 

metal structure industry.  
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1.8 Contribution 

The literature review of the thesis will contribute to better overall understanding of wire 

DED process aspects, its current situation in research and practical use in the industry, 

review on different processing methods and focus on critical process elements of using laser 

beam as the process energy in wire based DED. The experimental part of the thesis will 

provide information on practical testing of process handling, equipment adaptation and 

guidelines for manufacturing simplistic structures for practical use and further development.  
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2 DIRECTED ENERGY DEPOSITION 

 

 

Directed energy deposition (DED) is a standardized additive manufacturing process 

variation, which is defined using focused thermal energy to melt and fuse material as it is 

being deposited. The process term is standardized by the EN ISO 17296-1, but it has many 

variations used by the manufacturers in the field and scientific articles. Different laser beam 

based variations include Laser Metal Deposition (LMD), Direct Metal Deposition (DMD), 

Laser Engineered Net Shaping (LENS), Laser Deposition Welding (LDW) and Laser 

Deposition Technology (LDT) for example, which are all very similar in principle. (SFS-EN 

ISO 17296-2, p. 11, 2016). 

 

2.1 DED process principle 

DED processes vary by the utilization of different thermal energy sources and substrate 

materials. Thermal energy sources can consist of either laser beam, electron beam or electric 

arc, and deposited material is in either powder or wire form. Heat energy source is used to 

create a small melt pool to which the additive material is then fed. Molten substrate material 

solidifies as the energy sources focal point is moved along the desired path. DED process 

setup principle can be seen in figure 3.  (SFS-EN ISO 17296-2, p. 11, 2016.) 

 

 

Figure 3. Directed energy deposition principle. 1. Powder hopper, 2. Directed energy 

beam, 3. Product, 4. Substrate, 5. Wire/Filament Coil, 6. Build table. (SFS-EN ISO 

17296-2, p. 11, 2016). 
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Figure 3 shows the essential components required in DED, which can be adapted depending 

on used process equipment e.g. heat energy source, material form and manipulation devices. 

The following chapters will discuss the main DED process variations, excluding laser wire 

DED, which is presented on its own in chapter 3. 

 

2.2 DED process variations 

This chapter will present the main DED process variations, excluding laser wire DED, which 

is discussed further in more detail. The other DED variations include methods utilizing 

electric arc or electron beam as the process energy source, and the powder material-based 

method. 

 

Wire DED with arc, commercially known as wire arc additive manufacturing (WAAM) is a 

popular variation of the wire utilizing DED processes. The process is mainly researched and 

carried out by using gas metal arc welding (GMAW), gas tungsten arc welding (GTAW) and 

plasma arc welding (PAW) methods. In GMAW -processes an electric arc is generated 

between the consumable wire electrode and the work piece. The arc generates the heat 

energy to melt and join the desired metals. In GTAW, the arc is generated between the work 

piece and a non-consumable tungsten electrode, to which the additive metal is fed. Plasma 

arc additive manufacturing similarly uses a non-consumable electrode and wire fed from 

outside to the process, but higher process energy is generated with a plasma arc. GTAW and 

PAW processes require to consider the effect of wire feed orientation more carefully 

compared to GMAW. The WAAM process principle can be seen in figure 4. (Ding et al. 

2015, p. 471-472.) 
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Figure 4. Wire Arc Additive Manufacturing process principle with non-consumable 

electrode (Jin et al. 2020, p. 2). 

 

Figure 4 shows how electric arc can be used to melt additive wire to form subsequent layers 

on top of substrate material. A component is constructed by depositing wire material to an 

arc generated melt pool, which is moved along desired path. Solidified wire material forms 

the component design layer by layer. (Jin et al. 2020, p. 2) 

 

In the electron beam utilizing method, commercially known as electron beam AM (EBAM), 

the heat is generated by a fine beam of electrons which are accelerated and focused on the 

material. The heat energy is acquired from the collision when the electrons hit the metal at 

the melt pool. For sufficient heat to be generated, a near perfect vacuum is required in the 

process setup. Process configuration can be seen in figure 5. (MWES: ADDere System, 

2018, p. 5.) 

 

 

Figure 5. Electron beam additive manufacturing setup (MWES: ADDere System, 2018, p. 

5.) 

 

Figure 5 depicts a multi-layer structure being deposited with a EBAM setup using wire fed 

material. Melt pool is generated on top of substrate material with an electron beam and wire 

fed material. Electron beam and material feed are moved along desired path to form 
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solidified beads. Subsequent layers are added on top of prior beads to form a structure. 

(Fuchs et al. 2018, p. 268.) 

 

Powder DED utilizes metallic powders as the deposited material to construct desired shapes. 

Heat energy input is typically done by using laser or electron beam. Laser and powder based 

DED is directed from the two-dimensional processing method, laser cladding, which aims 

to improve or repair substrate material surface properties. In laser cladding, a cheaper 

substrate material is usually coated with a higher-end cladding material, which offers e.g. 

corrosion or wear resistance to the part. (Laser Cladding - Ionix Oy, 2020.) The 3D printing 

method, powder DED, typically utilizes co-axial material feed, where the processing 

movements are independent of directions. Powder -method also enables the flexible use of 

multiple different powder materials for desired outcomes, but the usual problems with waste 

material and environmental aspects are present. Commercial equipment is readily available 

on the market, where the high-end models include processing head, multi-axis platform and 

real-time process monitoring along with own processing chamber and possibly integrated 

post-processing option for machining. (Tuominen, 2019, p. 7–8.) Powder DED process is 

typically capable of producing more accurate printed parts compared to wire DED processes. 

(Alonen, 2018.) 

 

 

Figure 6. Powder DED process principle. (Chekurov et al. 2017, p. 10). 

 

Figure 6 illustrates how laser beam melts the additive powder material on top of substrate. 

Powder material and shielding gas are simultaneously fed through nozzles to the laser beam 
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generated melt pool, which is moved along processing direction to form solidified beads. 

Subsequent layers are constructed on top of each other to form final structure form. 

(Chekurov et al. 2017, p. 10.) 
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3 DED WITH LASER AND WIRE 

 

 

Directed energy deposition with laser beam and wire is one of the main wire-feed AM 

processes along with arc and electron beam -based methods. The main advantage of wire-

feed AM processes is the usage of metal wire as the deposited building material, which is 

readily and cost effectively available, offers higher material usage efficiency and is more 

environmentally friendly process method compared to powder based AM processes. (Ding 

et al. 2015, p. 466.) Deposited wire form material is used 100 % in the process and does not 

induce harmful effects in handling such as skin irritation or powder inhalation. Wire 

feedstock reduces downtime in material changes and clean-up. (Kingsbury, 2019.) Different 

terminology variations of DED with wire and laser commonly seen in research and industry 

include Wire laser additive manufacturing (WLAM) and Laser metal deposition with wire 

(LMD-W). These terms are varyingly used, but not standardized. (Ding et al. 2015, p. 466.) 

 

DED with wire and laser process setup typically consists of laser heat energy source, beam 

guiding and processing optics, automatic wire-feed system, shielding gas feed or chamber 

and computer numerically controlled (CNC) robot and worktable. The setup can often be 

paired with desired auxiliary devices such as real-time monitoring systems and preheating 

or cooling systems. (Ding et al. 2015, p. 468.) 

 

As in DED, the melt pool is generated by a laser beam, to which the metal wire is fed. Laser 

processing head and wire feeder are moved along desired path to form a solidified bead, and 

new beads are deposited beside and/or on top of previous ones.  The movement in the process 

can be executed via robot and/or CNC worktable. Figure 7 shows the wire and laser AM 

process principle. (Ding et al. 2015, p. 468.) 
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 Figure 7. Wire and laser AM process principle with shielding gas nozzle angle γ, wire feed 

nozzle angle β and focal spot to wire tip distance dN (Froend et al. 2018, p. 722). 

  

Figure 7 illustrates how a process setup can be done with off-axial wire feeding. Laser beam 

is aligned perpendicularly to the substrate material, while wire and shielding gas are fed from 

an angle. 

 

3.1 State-of-art wire-based laser-DED applications 

DED with laser and wire is largely being researched with varying laser sources, additive 

metals and scales of the structures being built. Laser sources typically used are fiber and 

diode lasers according to various scientific experiments found in literature and commercially 

available equipment. The most common metal used in the latest research for the process is 

titanium-based material (Ti-6Al-4V), which is popular in the aerospace industry. Other 

publicly available materials include different Fe-based and Al-based alloys, which have an 

increasing interest. (Tuominen, 2019, p. 9.) 

 

Commercial equipment utilizing wire-based laser-DED can also be found on the market. The 

commercially sold equipment vary from desktop use to industrial grade setups. One of the 

smaller scale machines found on the market is 600 W (three 200 W diode laser) power 

Additec μPrinter (figure 8), which is capable of depositing metal wire and powder. The 

equipment includes the laser, stationary processing head, wire feed system for diameters of 

0.6 – 1 mm and an argon filled process chamber with a 160 mm x 120 mm x 450 mm build 

envelope. (Additec.net, 2020). 
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Figure 8. Additec 600 W μPrinter and processing head (Additec.net, 2020). 

 

As it can be seen from Figure 8, the processing head utilizes co-axial material feeding design, 

and the whole system is desktop friendly. 

 

Larger scale systems in the market include MWES ADDere System III with a 20 kW diode 

laser (figure 9). The system includes an industrial robot, 20 kW laser, 500 amp hotwire 

welding system and closed loop sensor system along with control software. The built part 

size is limited to 40 x 8 x 2 m and deposition rate can be up to 13.6 kg/h with steel. 

(Addere.com, 2020). 

 

 

Figure 9. MWES ADDere System III (Addere.com, 2020).  
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Figure 9 illustrates the main system setup (robot cell) with chamber safety screens and a 

large-scale rotary worktable. 

 

Aerospace industry is one of the main branches that utilize DED with wire and laser today. 

One example is the American based Relativity Space, which develops and produces 3D-

printed rocket parts for commercial use. The company aims to automate rocket 

manufacturing by use of different 3D-printing methods, intelligent robotics, and software, 

and by this, reduce the part count, exclude fixed tooling, simplify the supply chain, and 

reduce labour costs. (Relativityspace.com, 2020) 

 

 

Figure 10. Relativity Space Stargate 3D metal printing platform (Oberhaus, 2019). 

 

As seen in figure 10, wire fed DED industrial applications have already been developed and 

commercialized to high-end aerospace industry. Relativity Space Stargate project represents 

one of the more advanced larger scale process applications. 

 

Mitsubishi Electric Corporation announced development of a laser wire DED technology 

designated “dot forming” in 2018. The technology will combine laser beam, computer 

numerical control (CNC) and computer aided manufacturing (CAM) within 3D printer to 

produce high-quality 3D parts aimed at aircraft and automobile industry. (Mitsubishi Electric 

Corporation, 2018, p. 1.) 
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Figure 11. Mitsubishi Electric Dot forming system (Mitsubishi Electric Corporation, 2018, 

p. 1). 

 

The commercial system and the components are presented in figure 11. The technology 

utilizes pulsed laser, metal wire material and shielding gas to produce near-net shape parts. 

The dot forming technology is said to produce 60 % more precise shapes and reduce 

oxidation more than 20 % compared to conventional forming technology. Commercial 

version of the system is expected to be launched in the year 2021. (Mitsubishi Electric 

Corporation, 2018, p. 2-3.) 
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4 EQUIPMENT AND SYSTEM FOR WIRE-BASED LASER-DED  

 

 

Directed energy deposition with laser and wire can utilize a variety of different processing 

setups and equipment depending on the desired scale, level of automation, available 

equipment etc. The following chapters discuss the commonly found process equipment 

required to carry out DED with wire and laser for relatively simple testing and manufacturing 

purposes.  

 

4.1 Laser source 

Laser source forms the laser beam which is guided and objected to the process. Different 

industrial laser sources include fiber, diode, disc lasers among other rarer and/or older types 

with more specific usage. The laser formation principle varies between each method along 

with available wavelength, efficiency, maximum power, beam quality, absorption, and 

available coupling methods. Typical laser sources for DED with laser and wire include fiber, 

disc, or diode lasers. In this research, the practical tests are made with a fiber laser, so the 

focus will be on characteristics of this laser source. 

 

In fiber laser, the beam is generated by pumping a lasing media inside an optical fiber. The 

center core of the fiber (lasing media) is doped with either Yb (Ytterbium) or Er (Erbium) 

which produce different wavelengths. Energy pumping is done by diode lasers, which beam 

is used to excite the Yb ions when propagating through the Yb-doped core. Fiber laser power 

can be enhanced by coupling multiple delivery fibers with a beam combiner. (Fujikura, 

2020) 

 

Fiber laser is one of the most common industrial laser types due to its many advantages. 

Compared to gas lasers and other solid-state lasers, the fiber laser has excellent beam quality, 

small carbon footprint due to electrical and optical efficiency, excellent reliability, and 

compatibility. Electrical efficiency comparison with different laser sources can be seen in 

table 1. (Laser Machining Inc., 2020) 
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Table 1. Electrical efficiency with different industrial lasers (Laser Machining Inc., 2020). 

Laser Type Electrical Efficiency 

Fiber Laser, Yb: Fiber 28% 

Disc Laser 15-25% 

Diode Laser 50% (Pachotta, 2020.) 

 

As seen in table 1, disc and diode lasers are a competitive alternative for fiber laser in DED 

applications. As noted in chapter 3.1, many of the upcoming commercial equipment utilize 

diode laser for the process energy input. However, fiber laser has steadily gained large 

market share in the field of industrial lasers due to development and overall use in the laser 

processing industry. At the moment, DED applications are often studied and carried out with 

fiber lasers adapted to DED processing, but the increasing interest in LMD will likely result 

in increased process development with other laser types and overall growth of industrial laser 

market size in the coming years. (Fortune Business Insights, 2020.) 

 

4.2 Processing head of wire-based laser-DED 

Wire-based laser-DED processing head can utilize either off-axial or co-axial material feed 

architecture. In the conventional method of off-axial feed, the material is fed to the process 

from a defined angle and the laser beam is typically aligned directly to the build platform. 

This method gives the process flexibility and modularity especially concerning available 

processing equipment but can be problematic due to varying wire-feed directions in different 

travelling directions. For this method, conventional laser processing optics heads, such as 

laser welding heads, can be adapted for DED processing by adjusting the focal point position 

of the laser beam accordingly. (Alonen, 2018.) 

 

Co-axial material feed utilizes a processing head, which is purposely designed for DED, 

cladding or repair work. Deposited material is fed directly to the process while multiple laser 

beams are introduced symmetrically in an angle. This method removes the directional 

problems of off-axial material deposition. The principle of co-axial processing head can be 

seen in figure 12. (Laser Processing Optic COAXwire, 2020, p. 1.) 
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Figure 12. COAXwire processing head utilizing co-axial wire material feed. (Laser 

Processing Optic COAXwire, 2020, p. 3.) 

 

Figure 12 illustrates a co-axial processing head design where wire material is fed through 

the central nozzle and three surrounding laser beams are focused on the process in an angle. 

Many co-axial solutions use multiple distinct laser beams with each having their own laser 

power input. To improve process controllability and robustness, co-axial heads with no 

transmissive optics have been under development. One of these variants is being developed 

at EWI (Columbus, Ohio) and shown in figure 13. (Ream et al. 2020.) 
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Figure 13. Co-axial wire-based laser-DED processing head developed at EWI (Ream et al. 

2020). 

 

As seen in figure 13, the processing head utilizes fully reflective focusing optics with a single 

laser beam income. Experiments with the design yielded stable metal deposition with high 

laser powers, and defect-free builds with 308 SS material were achieved. Problems with the 

design deal with keeping the deposited wire straight during the process, for which further 

development is needed. (Ream et al. 2020.) 

 

Shielding gas and wire material feeding are typically fixed and aligned to the processing 

head as seen in figure 6 off-axial variation. The purpose of shielding gas is to protect the 

molten metal from oxidation with the surrounding atmosphere. Shielding gas 

implementation can be done by either adapting local gas feed through a nozzle or by utilizing 

a gas filled chamber. Gas filled chambers are common in desktop applications, but less 

viable in industrial scale as structure size and geometry become restricted. (Froend et al. 

2018, p. 722.) 

 

4.3 Movement of processing head in wire-based laser-DED 

One of the advantages of DED processes is the possibility to pair the process with industrial 

robots or CNC worktable/router. A DED laser processing head, material and shielding gas 

feed setup can be integrated on a robot system and programmed to perform desired 

movements. Industrial robots can have various configurations depending on structure type, 

but they characteristically are formed by several linked rotary and linear joints. The joints 

are used to provide motion and position a mounted tool (DED processing head) to desired 

location and orientation. Six joints, also known as six axes, are required to position a 

mounted tool at any location at any angle within the robots working envelope. (Wilson, 2015, 

p. 11.) CNC worktable/router can also be utilized to perform the desired tool paths within 

the process. Typical machines typically include 3- or 5-axis movement capabilities 

depending on the design. In common 3-axis design, tool (processing head) is moved within 

x-y-z axes by the predefined numerically controlled paths. (CNCCOM, 2015) 
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4.4 Process monitoring 

Process monitoring in DED aims to gather critical information and data from the process to 

improve the reliability and quality, and to make process reproduction viable. Monitoring and 

the received data are intended to develop a more comprehensive understanding of the process 

and to develop adaptability. Process monitoring in manufacturing is an important part of 

reducing the number of defected products, increasing reproducibility and by these, saving in 

manufacturing costs. (Purtonen et al. 2014, p. 1218.) 

 

One of the most common methods of process monitoring is optical monitoring, which uses 

different vision systems e.g. charged couple device (CCD) and complementary metal oxide 

semiconductor (CMOS) cameras, photodiodes, or spectrometers. Optical monitoring enables 

non-contact operation, flexibility, and give a large amount of different information from the 

process. Optical methods often require additional illumination due to limited information 

provided on processed material surface structure by standalone optical methods. Gas or dust 

particles in the process are also known to interfere with the temperature signal, which can 

cause inaccuracy in monitoring. (Purtonen et al. 2014, p. 1220.) 

 

For directed energy deposition, typical monitoring targets are melt pool or work piece, and 

they have been studied by using CCD and CMOS cameras and pyrometers to determine 

process temperature. Tests have been conducted using fiber laser on titanium, stainless steel 

and mild or low-carbon steels. (Purtonen et al. 2014, p. 1224.) 

 

Monitored signal can be used in real-time to adapt and adjust the processing parameters 

accordingly. These kinds of systems are called closed loop systems and are developed to 

prevent defects in real time as opposed to open loop systems, where signal is plainly used in 

monitoring purposes. Closed loop systems are under interest and development as they 

provide quality and reliability the manufacturing. (Purtonen et al. 2014, p. 1218.) 
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5 CRITICAL PROCESS PARAMETERS IN WIRE-BASED LASER-DED 

 

To achieve desired processing outcome, many processing parameters must be taken into 

account. The most important parameters, which are usually tested and altered between tests 

runs, include laser power, wire feed speed, scanning speed, wire feed orientation. The effects 

of main processing parameters are discussed in the following chapters along with test 

equipment related aspects. 

 

5.1 Laser power, wire feed speed and scanning speed 

In DED with wire and laser, the material feed rate is limited by the utilized laser power, as 

the deposited beads are aimed to melt smoothly to the substrate material or underlying layers. 

High wire feed speed with insufficient laser power results in partially melted wire in the 

temperature of melt pool and noticeable stubbing of wire. With low wire feed speed the 

material is known to melt too fast and transfer as molten droplets forming a wavy bead 

structure. Scanning speed (welding speed) is to be matched according to used laser power 

and wire feed speed to achieve smooth bead deposition. In the research of Ding et al. (2015), 

a deposition of Ti-based alloy and the forementioned parameter effects was presented and 

can be seen in figure 14. (Ding et al. 2015, p. 469.) 

 

 

Figure 14. Ti-alloy bead cross-sections as a function of welding speed to laser power and 

wire feed speed (WF) (Ding et al. 2015, p. 470). 
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From figure 14 it can be seen how the laser power, wire feed speed and welding speed 

(scanning speed) critically affect the bead geometry and dilution. When welding speed is 

increased from 50 mm/min to 150 mm/min with constant power and wire feed speed, the 

bead geometry becomes notably flatter and smaller due to less material being melted. Similar 

flattening effect on bead geometry can be seen with higher laser power and wire feed speed 

when welding speed is increased. When high values of laser power (2600 W), wire feed 

speed (2 m/min) and welding speed (250 mm/min) are used, concise beads can still be 

manufactured. (Ding et al. 2015, p. 470) The bead geometry aspects are also further 

discussed in the chapter 6.2. of the thesis. 

 

5.2 Laser beam diameter and density 

Laser beam diameter (laser spot size) refers to the size of the laser beam, which is measured 

at a given focal distance from the perpendicular plane to the laser beam axis. In laser DED 

processes, laser beam diameter effects the energy density of the process, where large energy 

densities are gained with small beam diameters and low energy densities with larger beam 

diameters. When depositing structures that require fine details, small laser beam diameters 

are typically required, but generally DED processing is done with increased beam diameter. 

(Mahamood, 2018, p. 89.) For wire-based laser-DED applications, the effective laser beam 

diameter is typically adjusted, by using altered focal point position. In this method, the beam 

diameter on processing surface (e.g. substrate part) is increased by positive defocusing to 

provide suitable wire melting. As the wire is fed to the laser beam through a nozzle, strong 

oscillations in the wire tip can happen, which result in wire not hitting and melting correctly 

in a laser beam with a small diameter. Increased diameter compensates this phenomenon and 

provides more controlled deposition with decreased bonding defects. (Froend et al. 2018, p. 

722.) Laser beam diameter has an influence to achieved energy density as shown in equation 

1. (Mahamood, 2018, p. 78.) 

 

𝐸 =
𝑃

𝑑
∗ 𝑣                          (1) 

 

In equation 1 E is the laser beam energy density (J/mm2), P is the laser power (W), d is the 

laser beam diameter (mm) and v is the scanning speed (mm/s). The laser energy density is 

therefore directly proportional to laser power and inversely proportional to laser beam 
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diameter and scanning speed. Laser beam density can be increased by increasing the laser 

power and decreased by increasing laser bead diameter or scanning speed. (Mahamood, 

2018, p. 78.) 

 

5.3 Wire feed orientation 

Wire feed orientation refers to the direction from which the wire is fed to the melt pool and 

the feeding angle. Feeding direction influences the deposition quality and the drop transfer 

to the pool. The effects of different feeding directions have been tested with three methods 

and with various materials choices. The feeding directions include front, back and side 

feeding, which are related to the deposition direction (figure 15.) (Ding et al. 2015, p. 469.) 

 

 

Figure 15. Wire feeding direction in the process (Ding et al. 2015, p. 469). 

 

In figure 15 it can be seen how the wire feed direction is oriented with deposition direction 

and the melt pool. According to Ding et al. (2015, p.469) for Ti- and Ni-based materials, 

back and side feeding directions cause limitations for the deposited material feed rate 

compared to front feeding. Overall tests with front feeding had proved the best results in 

terms of surface finish along with side feeding. Back feeding instead proved to cause wavy 

surface and bumpy sides to the deposited beads. Tests with Al-alloy however had suggested 

that back feeding could provide more stability and efficiency to the process. Overall, the 

feeding direction is material dependent, and for stainless steel materials, front feeding had 

proven the most suitable choice by the earlier research. (Ding et al. 2015, p. 469.) 

 

The effects of wire feed angle to deposited surface roughness in wire-based laser-DED have 

been studied by Syed et al. Single layer tracks of 316L SS were deposited with 1500 W diode 
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laser with varying wire feed angles of 20 – 50 degrees from horizontal plane with frontal 

and rear feeding methods. The effect of wire feed angle to surface roughness is presented in 

figure 16. (Syed et al. 2005, p. 519.) 

 

 

Figure 16. Wire feeding angle vs. deposited bead surface roughness Ra (μm) in front feeding 

with wire placement in the centre and the leading edge of the melt pool (Syed et al. 2005, p. 

520). 

 

As shown in figure 16, by increasing the wire feeding angle, the bead surface roughness 

increases. Slight increase in roughness was also achieved with centre placement with respect 

to melt pool, but trailing edge placement yielded broken bead results. Higher dimensional 

accuracy and deposition rate were obtained with frontal feeding as opposed to rear feeding. 

(Syed et al. 2005, p. 520.) 
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6 STRUCTURAL CHARACTERISTICS OF WIRE-BASED LASER-DED 

PRODUCTS 

 

 

The structural characteristics of wire-based laser-DED products refer to the deformations, 

geometry changes and internal defects that can happen during processing. As a thermal 

process, the process parameters used, need to be optimized for defect free and uniform 

structure deposition. 

 

6.1 Material residual stresses 

The laser beam as a heat source during wire-based laser-DED not only creates the bonding 

between the substrate and the additive material layers but causes thermal changes in the 

structure during the process. The substrate and/or the underlying beads are subjected to 

residual stresses with high temperature gradients, which can cause morphing of the desired 

structure if the yield strength of the material is exceeded. Figure 17 shows the effect of 

material shrinkage during cooling and the resulting effect of residual stresses to the structure. 

(Froend et al. 2018, p. 723.) 

 

 

Figure 17. Material shrinkage during laser metal deposition. The first deposited bead with 

the length lhot is seen in (a). As the temperature decreases, shrinkage of the bead to lcool 

creates residual stresses and possible deformation (b). As subsequent layers are deposited 
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(c), the cooling of deposited beads creates further residual stresses in the underlying structure 

(d) (Froend et al. 2018, p. 724). 

 

Figure 17 shows that the first deposited bead cools down and is bonded with the substrate. 

This causes residual stresses to pull the structure and possibly deform it along the z-y axis. 

As subsequent beads are deposited on top, the stress on the structure in increased along with 

the distortion angle φ1. Due to residual stresses, additional cracking can occur inside the 

deposited material and/or between the layers. (Froend et al. 2018, p. 724.) 

 

6.2 Deposited bead geometry 

The geometry of a deposited is mainly regulated by the utilized laser power, wire feed and 

scanning speed. Single bead geometry has been determined by the height, width, and 

deposition area in earlier research with varying processing parameters. The effects of laser 

power, scanning speed and wire feed/scanning speed -ratio to the geometry is adapted from 

the research of Ding. et al. (2015) and presented in table 2. (Ding et al. 2015, p. 470.) 

 

Table 2. General influence of process parameters to geometry of deposited single beads. 

(Ding et al. 2015, p. 470).   

Parameter Deposition area Deposition height Deposition width 

Power increase No significant 

influence 

Decreased Increased 

Scanning speed 

increase 

No significant 

influence 

Increased Decreased 

Wire feed / 

Scanning speed -

ratio increase 

Increased Increased No significant 

influence 

 

As seen in table 2, bead geometries can be tuned by process parameter adjustment 

accordingly. However, adequate heat energy input must be present for controlled bead 

deposition, which means geometries are adjustable within limits. 
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6.3 Internal defects 

Defects that can occur in directed energy deposition with laser and wire are similar to 

standardized welding defects. At the current state, the process defects are under research as 

the whole process. Therefore, possible defects are introduced as an adaptation in welding 

and focused on stainless steels. 

The notable process defects include deformations and abnormalities in the structure 

geometry along with internal defects. The main internal defects include hot cracking and 

porosity when processing austenitic stainless steels. Hot cracking happens during 

solidification and shrinkage of deposited metals, and it is a typical defect due to absence of 

ferrite in austenitic stainless steels. The defect can also occur due to bead width/height ratio 

being too small, high amount of impurities and in high scanning speeds. (Lukkari, 2000, p. 

5-7.) 

Pores are typically gas filled cavities inside the deposited material, which can appear 

separated, in larger groups or constantly throughout the structure. Porosity can be caused by 

humidity, variety of impurities, suboptimal protective gas flow and low heat energy input. 

(Lukkari, 2000, p. 10.) 
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7 MATERIAL PROPERTIES FOR DIRECTED ENERGY DEPOSITION 

 

 

The research and experimental tests are currently highly focused on usage of high-end metal 

materials. Manufacturing with wire-based directed energy deposition with higher cost metal 

materials aims to utilize the processes’ great material usage efficiency compared to 

conventional manufacturing methods and other metal AM methods. For wire-laser AM, the 

focus is currently on different titanium, aluminum, stainless steel, and some conventional 

steel alloys. The interest in conventional manufacturing steels is steadily increasing. 

(Tuominen, 2019, p. 9.) 

 

7.1 Material properties of stainless steels 

Main property of stainless steel is their ability to counter the corrosive effects of their 

environment. Corrosive effects can be caused by exposure to humid air, water, acidic or 

alkaline environments. The properties of stainless steels are characterized by their alloying 

elements, which typically include chrome (Cr), nickel (Ni) and molybdenum (Mo), which 

give these steels their corrosion resistance. The main alloying element, chrome, forms a thin 

oxide film to the material surface when reacting with surrounding oxygen in air. The chrome 

concentration in stainless steels is at least 12% for this effect to take place. (Lepola et. al, 

2016, s. 213)  

 

Stainless steels are typically divided to austenitic, ferritic, austenitic-ferritic, and martensitic 

steels by their structure. The metallurgical structures have their typical alloying element 

percentages and uses in manufacturing. Austenitic stainless are characterized by higher 

amount of chrome and lower strength properties then their counter parts. They are mainly 

used in various household appliances, food industry applications and chemistry and cellulose 

industry’s piping and container purposes. Ferritic stainless steels have better strength 

properties than austenitic. Typical uses for them are car industry and household appliances. 

Ferritic-austenitic stainless steels, also known as Duplex-steels, have greater strength and 

hardness properties and are good at countering stress corrosion and pitting. They are mainly 

used in oil, gas and chemical industries and marine environments. Martensitic stainless steels 

have excellent strength and hardness values compared to other stainless steels. Their 

composition includes higher amounts of carbon (C). Applications for martensitic stainless 
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steels include turbine blades, vents, and various kitchen appliances where corrosion 

resistance along with good hardness is needed. (Lepola et al. 2016, s. 213-214.) 

 

Austenitic stainless steels have approximately 50% higher coefficient of thermal expansion 

and ca. 65% lower thermal conductivity compared to non-alloyed steels. These properties 

result in punctual stresses in the material, which can lead to higher deformation in the 

processed material compared to their non-alloyed counterparts. Austenitic stainless steels 

are also susceptible to grain boundary corrosion when processed in 500 - 900 °C temperature 

range. In this temperature range, the carbon and chrome form chrome carbides, which 

diverge into the boundaries of the austenitic grains. The decrease of chrome proportion in 

adjacent material areas leaves them exposed to corrosion. (Lepola et al. 2016, s. 214-215.) 
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8 AIM AND PURPOSE OF EXPERIMENTAL PART 

 

 

The aim of the experimental part of the thesis was to test the wire-based laser-DED method 

with 316L stainless steel material to achieve adequate process control and to study the effect 

of varying process parameters on obtained structures. Testing of preliminary process 

handling of bead deposition was chosen as basis for the experimental tests, which were 

continued with single bead and overlapping multi bead tests. 

The experimental part of this thesis consisted of: 

1. Preliminary experimental tests 

2. Single bead deposition tests 

3. Overlapping multi bead deposition tests 

 

Aim of the preliminary tests were to define suitable process parameters with the 

experimental setup. These tests were conducted to investigate the initial process handling 

for smooth bead deposition and to find a baseline for further tests with single bead and 

overlapping multi bead tests. Single bead deposition tests were conducted to study the effect 

of process parameters on deposited bead geometry and to find limits within acceptable wire 

material deposition. Overlapping multi bead deposition tests were carried out to study the 

process handling in layer-by-layer manufacturing. The goal of these tests was to manufacture 

a simplistic wall structure with no major deformations or defects. 

 

Purpose of the experimental part was to reveal wire-based laser-DED process potentials and 

to present guidelines for further testing and practical use in manufacturing.  
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9 EXPERIMENTAL SETUP 

 

The experimental setup consists of the materials and process equipment used to carry out the 

experimental tests. The experiments were conducted within LUT (Laser&AM) facilities 

using IPG Photonics 10kW Ytterbium fiber laser system, CNC router mounted Precitec 

YW50 laser processing head and Carpano VPR-4WD wire feeding unit. Materials used in 

tests include 316LSi stainless steel welding wire and 316 stainless steel substrate plates. 

Deposited bead structures were analyzed with Keyence VR-3000 G2 3D measurement 

system, Wild Heerbrugg M420 macroscope and Struers DuraScan 70 micro/macro hardness 

tester. The following chapters will present the experimental setup in further detail. 

 

9.1 Materials 

The wire-based laser-DED is tested with Cromamig 316LSi stainless steel solid welding 

wire with 1 mm diameter. The material is an austenitic stainless-steel classified by EN ISO 

14343. Chemical composition of the wire material is presented in table 3. (Cromamig 316LSi 

-datasheet, 2012.) 

 

Table 3. Chemical composition of 316LSi wire material (Cromamig 316LSi -datasheet, 

2012). 

Element C Si Mn Cr Ni Mo 

Content 

(weight-%) 

0.015 0.85 1.75 18.5 12.0 2.7 

 

The 316LSi wire material is characterized by the low carbon (C) content and the addition of 

silicon (Si) as seen in table 3. Low carbon content is used to avoid carbide precipitation in 

thermal processing, while the addition of Si is to improve arc welding properties. The 316LSi 

material is suitable for thermal joining of similar materials, such as regular 316 and 304L 

grade stainless steels. (Cromamig 316LSi -datasheet, 2012.) 

 

The 316LSi wire is deposited on stainless steel grade EN 1.4401/ASTM 316 sample plates 

with thickness of 5 mm. The chemical composition of the 316 SS plate material is presented 

in table 4. 

 



40 

 

 

Table 4. Chemical composition of 316 grade stainless steel (EN 10088-1, 2014, p. 8). 

Element C Si Mn P S Cr Mo Ni 

Content 

(weight-

%) 

0.07 1.00 2.00 0.045 0.015 16.5–

18.5 

2.00–

2.50 

10.00–

13.00 

 

The element weight percentage values presented in table 4 are reference values obtained 

from EN 10088-1 standard for 1.4401/316 grade stainless steels. Slight changes in chemical 

composition values are possible depending on the material manufacturer, but they are 

generally close to standardized values.  

 

9.2 Process equipment  

The tests were conducted with IPG Photonics 10 kW Ytterbium fiber laser system paired 

with 200 μm diameter fiber connection. The fiber laser is part of the IPG Photonics YLS-

series, operates in continuous wave (CW) and produces laser beam with wavelength of 1070 

±5 nm. (YLS-Series 10-100 kW Ytterbium Fiber Lasers, 2015.) 

 

Laser beam is guided to Precitec YW50 laser welding head, which is mounted on CNC router 

platform controlled by Siemens 840 D XY system. The laser processing head along with the 

processing platform are presented in figure 18. 
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Figure 18. Precitec YW50 laser processing head mounted on CNC router. 

 

Figure 18 presents the fiber connected Precitec YW50 laser processing head mounted on 

CNC platform to carry out programmed tool paths. Gas feed was commenced and adjusted 

manually with a control valve. Wire feeding to the process was done by using Carpano VPR-

4WD wire feed unit (figure 19).  

 

 

Figure 19. Carpano VPR-4WD wire feed unit. 
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The Carpano VPR-4WD wire feed unit (figure 19) features a digital control panel where 

wire feed speed is set for each test run. Wire material is supplied from a reel and delivered 

to the nozzle attached in laser processing head. Wire feeding is commenced and stopped 

with a built-in switch. 

 

9.3 Analysis equipment 

The analysis of deposited single bead structures was carried out with Keyence VR-3000 G2 

3D measurement system (figure 20). The system provides contact free 3D measurement of 

part surfaces by using telecentric lenses in combination with CMOS sensor.  

 

 

Figure 20. Keyence VR-3000 G2 3D measurement system. 

 

The measurement system (figure 20) is operated with computer software, which provides 

various automatic tools for profile, height difference, volume and surface area, curvature, 

and surface roughness measurement. 

 

The analysis of overlapping multi bead samples was conducted with Wild Heerbrugg M420 

macroscope (figure 21). The macroscope was used to observe and photograph the sample 

cross-sections. The macroscope has a primal magnification range between 7.9x and 40x and 

is equipped with a monitor for straightforward sample monitoring and photography. 
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Figure 21. Wild Heerbrugg M420 macroscope. 

 

Hardness tests on overlapping multi bead deposition sample cross-sections were conducted 

with Struers DuraScan 70 micro/macro hardness tester (figure 22). The system can carry out 

Vickers and Knoop hardness tests and has a test load range from 0.098 N to 98.1 N. The 

system features test point editor software and an overview CMOS camera for test point 

placement and alignment.  

 

 

Figure 22. Struers DuraScan 70 micro/macro hardness tester (DuraScan, 2012) 
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10 EXPERIMENTAL PROCEDURE 

 

 

The methods used in the experimental part of the thesis are presented in the following 

chapters.The experimental procedure started out by defining preliminary test parameters, 

which were used as basis for the single bead and overlapping multi bead experiments.  

 

10.1 Preliminary experiments 

Aim of the preliminary test parameter configurations were to determine suitable laser power 

and scanning speed for smooth bead deposition and overall concise bead geometry with the 

process setup. Process movement was first programmed for 50 mm long bead tracks to be 

deposited on the substrate plates (figure 23). 

 

 

Figure 23. Straight 50 mm line track movement for preliminary deposition tests. 

 

The path seen in figure 23 was used for each test run. The substrate plate is manually moved 

beneath the processing head to a suitable position for the following identical runs. 
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Closer look at processing setup can be seen in figure 24. The wire-based laser-DED 

experiments were conducted with off-axial wire feeding, while laser beam is aligned 

perpendicularly to the substrate plate.  

 

 

Figure 24. DED testing configuration with wire feed nozzle angle β and shielding gas nozzle 

angle γ aligned at 60° with respect to substrate plate. 

 

Figure 24 shows how the wire and gas feeding angles are aligned at fixed setting for the 

experimental part. The 60° angles were kept constant throughout the preliminary, single bead 

and overlapping multi bead tests. Focal point position was modified to provide larger beam 

diameter suitable for DED processing. Principle of this adjustment can be seen in figure 25.  
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Figure 25. Focal point position adjustment done for DED processing. 

 

Figure 25 shows the principle how the processing optics were moved and fixed at 30 mm 

higher from the initial focal plane to achieve 3 mm laser beam diameter at the substrate plate. 

The beam diameter increase via adjusted focal point positioning is dependent on used 

focusing optics. The lower energy density and larger wire-beam interaction area contributes 

to smoother wire deposition on top of substrate material as discussed in chapter 5.2 of this 

thesis. The positive focal point position of 30 mm was kept constant throughout the 

experimental tests. 

 

Initial parameters were chosen and modified based on study of Abioye et al. (2017). The 

preliminary parameter configurations can be seen in table 5. 
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Table 5. Preliminary test configuration. 

Configuration Value 

Laser power 1700 - 2000 W 

Scanning speed 200 mm/min 

Track length 50 mm 

Laser beam diameter on surface 3 mm 

Focal point position +30 mm 

Focal length 200 mm 

Wire feed angle 60° 

Wire feed direction Frontal feed 

Wire feed speed 800 - 1200 mm/min 

Shielding gas Argon 

Gas feed rate 10 l/min 

Gas feed angle 60° 

 

Table 5 shows the starting conditions for the preliminary experimental tests with laser wire 

DED process. To find a fluent wire material deposition, the main process parameters for 

alterations were chosen as laser power and wire feed speed. The experimental setup allowed 

proficient adjustment of these parameters, while adjustment of scanning speed, wire feed 

orientation (direction and angle) and focal point position proved to be more time consuming 

due to equipment restrictions and accessibility. To provide proficient process testing 

scanning speed, wire feed orientation and focal point position were kept constant.  

 

10.2 Single bead deposition experiment 

Single bead deposition was tested to find limits within smooth bead deposition and sound 

bead structure. Experiments were conducted with varying laser power and wire feed speed 

and the starting point was chosen from the results achieved in preliminary testing. The 

process window used in single bead deposition experiments is presented in table 6.  
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Table 6. Laser power (P) and wire feed speed (VW) test configuration with constant scanning 

speed of 200 mm/min. 

Test parameter Range Constant value 

Laser power (P) 1000 – 1900 W VW = 1200 mm/min 

Wire feed speed (VW) 900 – 1800 mm/min P= 2000 W 

 

Table 6 shows that single beads were first deposited with constant wire feed speed of 1200 

mm/min and adjusted laser power within 1000 – 1900 W range. Next experiment was tested 

with constant laser power of 2000 W and varying wire feed speed of 900 – 1800 mm/min. 

 

10.3 Overlapping multi bead deposition experiment 

Overlapping multi bead deposition experiments were conducted along same tracks as used 

in preliminary and single bead experiments. The goal was to deposit multiple beads layer by 

layer on top of each other.  

 

The multi bead deposition started out by depositing a slightly wider bead with laser power 

of 2500 W, which would serve as a base to build up from. Height of the bead was measured 

with calipers and used as an approximation for raising the processing head after each layer. 

This value was kept constant for each layer in the first tests (table 6). Structure width was 

measured after each deposited layer to see if any notable changes took place. A 20-layer wall 

structure was deposited with the parameters shown in table 7.  
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Table 7. Overlapping 20-layer multi bead structure parameters with constant scanning 

speed of 200 mm/min and processing head height increase of 1.1 mm. 

Bead layer Laser power 

(W) 

Wire feed 

(mm/min) 

Width of the 

overlapping 

bead (mm) 

1 2500 1200 ~4.25 

2 2300 1200 ~4.50 

3 2100 1200 ~5.00 

4-5 1900 1100 ~5.00 

6-7 1800 1100 ~5.10 

8-9 1700 1100 ~5.10 

10-13 1600 1100 ~5.10 

14 1500 1100 ~5.10 

15 1400 1100 ~5.10 

16 1200 1100 ~5.10 

17 1100 1100 ~5.10 

18-19 1000 1100 ~5.10 

20 900 1100 ~5.10 

 

Table 7 shows the overlapping bead layers where laser power and wire feed speed were 

altered along with the concurrent bead width. The bead depositions were eventually stopped 

after layer 20 due to structure deformation taking place. Overlapping multi bead deposition 

was next experimented with manual measuring of the overlapping bead structure height after 

each deposited layer and raising processing head accordingly to keep the laser beam diameter 

on surface closer to constant for each overlapping layer. A 25-layer multi bead wall structure 

was deposited with the parameters shown in table 8. 
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Table 8. Overlapping 25-layer multi bead structure parameters with constant scanning 

speed of 200 mm/min. 

Bead layer Laser power 

(W) 

Wire feed 

(mm/min) 

Processing 

head 

raised/layer 

(mm) 

Width of the 

overlapping 

bead (mm) 

1 2500 1200  ~4.35 

2 2300 1200 ~0.55 ~5.10 

3-7 2100 1200 ~0.80-1.00 ~5.40 

8-12 2000 1200 ~0.70-1.10 ~5.40 

13-17 1900 1200 ~0.70-1.00 ~5.40 

18-25 1800 1200 ~0.80-1.10 ~5.40 

 

Table 8 shows what laser power and wire feed speed were used between bead layers along 

with manually adjusted processing head height and concurrent width of overlapping bead. 

The 25-layer structure (table 7) was chosen for the further analysis presented in chapter 

10.4.2. 

 

10.4 Analysis procedure 

Wire deposition was visually observed during each deposited bead. This refers to how the 

wire material was melting in laser beam and melt pool and noting if the material was melting 

too fast (wire dripping) or too slow (wire stubbing/fluttering). Laser power and/or wire feed 

speed were adjusted when suboptimalities were observed. These observations were made 

during every experimental phase. 

 

10.4.1 Single bead analysis 

Deposited single beads samples (table 5) were 3d scanned and analyzed with 2d bead 

profiles. Scan sections were taken approximately from the midpoint of the 50 mm long bead 

tracks. Width and height of beads were measured from these profiles as shown in figure 26. 
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Figure 26. Single bead 2d profile measurement principle. 

 

Height of the deposited beads was measured from the substrate plate to the tip of the bead 

and width was measured from the bottom along the substrate plate (figure 26). 

 

10.4.2 Overlapping multi bead analysis 

The 25-layer structure (table 7) was subjected macro-, microscopy and hardness testing to 

investigate the bonding between each layer and substrate material, overall structural 

coherence, and possible internal defects. Cross-section sample (figure 27) was cut from the 

midpoint of the 50 mm long deposition track after which the cut surface was sanded and 

polished.  

 

 

Figure 27. Cross-section sample from the 25 overlapping multi bead experiments. 

 

The polished cross-section surface (figure 27) was etched in 10% oxalic acid with 2 amperes 

and 30 volts for 30 seconds for micro- and macroscopy analysis. Clear view of deposited 

layers was acquired and used to study the overall integrity of the internal structure. 
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Macroscopy was conducted to get an overview of the overlapping multi bead structure and 

to point out areas interest for microscopy. The areas chosen for microscopy are presented in 

figure 28. 

 

Figure 28. Areas of interest of specimen. 

 

Figure 28 shows that the substrate joint, mid layer and top layer areas were chosen for further 

microscopy analysis to study the changes in structure integrity between these sections. 

 

A Vickers hardness tests were conducted with Vickers pyramid number (HV) of 5 along the 

centerline through substrate plate and the first deposited beads to determine notable hardness 

alterations between substrate material and the deposited material. A macroscopy of the cross-

section test points is shown in figure 29. 
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Figure 29. Vickers hardness test points through substrate and bottom beads. 

 

Hardness test measurement points seen in figure 29 were conducted with 0,5 mm intervals 

through substrate and the first deposited layers. 
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11 RESULTS AND DISCUSSION 

 

 

This chapter will present the results and analysis from the preliminary, single bead and 

overlapping multi bead experimental tests with the 316L stainless steel wire-based laser-

DED. 

 

11.1 Preliminary experimental test results 

The process setup proved to be capable of carrying out the experiments. A smooth wire 

deposition was acquired quickly by adjustment of wire feed speed. Figure 30 presents 

deposited beads from the first process runs with corresponding parameters. 

 

 

Figure 30. Preliminary test parameters with bead a) and bead b) with P: Laser power, VW: 

wire feed speed and scanning speed of 200 mm/min. 

 

Figure 30 shows that with wire feed speed of 1200 mm/min, close to an optimal deposition 

and bead form was received. Wire dripping was observed with the initial wire feed speed of 

1000 mm/min, which formed a wavy bead surface. Bead a) was chosen as a basis for further 

experimenting in single bead deposition. 
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11.2 Single bead deposition results 

Single bead deposition experiments were further conducted with varying laser power within 

the range of 1900 – 1000 W and varying wire feed speeds within the range of 900 – 1800 

mm/min and constant scanning speed of 200 mm/min. The results of laser power to achieved 

bead form can be seen in figure 31. 

 

 

Figure 31. Deposited 316L SS beads with varying laser power (P) and constant wire feed 

speed of 1200 mm/min and scanning speed of 200 mm/min. 

 

From figure 31 it can be visually seen that surface roughness and deviation from the 

deposition track increased as the laser power was decreased from 1900 W to 1000 W. This 

was caused by the insufficient laser power turning the wire deposition to the melt pool 

stubbing. However, consistent beads were able to be deposited with the minimum laser 

power of 1000 W, while notable increase in surface roughness and deviation from deposition 

track were visually observed. Table 9 presents the 3D-scanned bead shapes with 

corresponding utilized laser power.  
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Table 9. Deposited bead geometry profiles with varying laser power 1000 - 2000 W, constant 

wire feed speed 1200 mm/min and scanning speed 200 mm/min. 

 

 

Table 9 reveals that as laser power was decreased from 2000 W to 1000 W, width of the 

beads decreased, and height of the beads increased with it. Visual evaluation from bead scans 

shows clear wavy forms on bead surfaces with the lower range of laser power where wire 

stubbing was observed. Closer look at changes in bead width and height are presented in 

figure 32.  
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Figure 32. Varied laser power of 1000 – 2000 W effect on deposited bead width and height 

with constant wire feed speed 1200 mm/min and scanning speed 200 mm/min.  

 

Figure 32 shows, that as laser power increased from 1000 W to 1400 W, width of bead was 

close to constant. When laser power value was increased from 1400 W to 2000 W, width of 

bead increased. However, at the lower power range of 1000 – 1400 W, the wavy bead forms 

cause notable width fluctuations through the whole length of the bead, which might have led 

to margin for error in width measurements. Height of the beads decreased steadily when 

laser power was increased from 1000 W to 2000 W, but wavy surface forms similarly leave 

margin for error in the lower laser power range. 

 

 Even though the process was successful at the lower power level of 1000 W, the laser power 

input was observed turning insufficient, as the wire feeding to the melt pool turned fluttery 

and stronger wavy surface forms were observed. Overall flatter bead structure with smoother 

surface were noted with higher level of laser power. 

 

The results of varying wire speed tests with constant laser power of 2000 W and scanning 

speed of 200 mm/min are shown in figure 33. 
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Figure 33. Deposited 316L SS beads with wire feed speeds (VW) 1200 – 1800 mm/min, 

constant laser power of 2000 W and scanning speed of 200 mm/min. 

 

Figure 33 presents that defected bead form was observed when the value of wire feed speed 

was decreased from 1000 mm/min to 900 mm/min. Beads with adequate quality were 

deposited with wire feed speeds up to 1800 mm/min with varying geometries and increasing 

observed surface roughness as the material feed turned excessive in relation to laser power 

input. Stronger bead deviation from the defined movement path was also observed with 

insufficient laser power, as the wire melting in the melt pool fluttered.  

 

Overall single-bead experiments with varying wire feed speed of 900 – 1800 mm/min with 

constant laser power of 2000 W and scanning speed of 200 mm/min had similar results on 

bead deposition controllability and bead geometry, as the laser power input turned either 

excessive with low speeds or insufficient with high speeds. The 3D scanned bead shapes 

with corresponding wire feed speeds are presented in table 10. 
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Table 10. Deposited bead geometry profiles with varying wire feed speed 900 - 1800 mm/s, 

constant laser power of 2000 W and scanning speed 200 mm/min. 

 

 

Table 10 shows that wavy bead form was achieved with the wire feed speed 900 mm/min, 

which was caused by wire dripping and melting too fast. Visually observed bead surface 

quality increased when wire feed speed was increased to 1200 mm/min. When wire feed 

speed was increased within 1200 – 1800 mm/min range, the observed surface quality 

decreased. This was caused by the wire feeding turning stubbing due to lack of laser power 

to smoothly melt the wire material with high feeding speed. 

 

The plotted bead width and height values with varying wire feed speed of 1000 – 1800 

mm/min, constant laser power of 2000 W and scanning speed 200 mm/min are presented in 

figure 34. 
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Figure 34. Varied wire feed speed (1000 – 1800) mm/min effect on deposited bead width 

and height with constant laser power of 2000 W. 

 

As seen in figure 34, increasing wire feed speed from 1000 mm/min to 1500 mm/min 

resulted in slightly more narrow and taller bead geometry. When wire feed speed was 

increased from 1500 mm/min to 1800 mm/min, width of the beads remained close to 

constant and height of the beads increased. However, the wavy bead forms observed with 

high wire feeding speeds leave a margin for error in bead width and height measurements. 

 

11.3 Overlapping multi bead experiment results 

The 20-layer overlapping multi bead wall structure had good dimensional coherence in the 

beginning of the deposition. Preemptive wire feed stopping created an increasing deviation 

in the defocusing length in the end of the structure which caused a deformation seen in figure 

35.  
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Figure 35. 20-layer overlapping multi bead wall structure with deformation. Laser power: 

900 – 2500 W, wire feed speed: 1100 – 1200 mm/min and scanning speed: 200 mm/min. 

 

Figure 35 presents the 20-layer multi bead structure with a deformation that occurred due to 

preemptive wire feed stopping and melting of the underlying layers. This caused wire being 

melted in the air by the laser beam while distance to the actual melt pool was increasing for 

the subsequent layers. The overall observed deposition and structure integrity was desirable 

excluding the deformation caused by human error. The processing parameters used in table 

6 with constant height adjustment could therefore be used for depositing a concise structure 

with changes in the utilized laser power, which was presumably under scaled to compensate 

the deformation. 

 

The 25-layer overlapping multi bead structure with is shown in figure 36 with side and front 

view, final dimensions, and appointed deposition direction. 
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Figure 36.  25-layer multi bead wall structure side view. Laser power: 1800 – 2500 W, Wire 

feed speed: 1200 mm/min and scanning speed: 200 mm/min. 

 

The structure in figure 36 had desirable dimensional coherence and no notable errors were 

observed during the deposition. The dimensions remained close to constant throughout the 

structure. Opposite side view is presented in figure 37 with appointed deposition direction. 

 

  

Figure 37. 25-layer multi bead wall structure side view. Laser power: 1800 – 2500 W, wire 

feed speed: 1200 mm/min and scanning speed: 200 mm/min. 

 

Figure 37 shows that no abnormalities were found from the opposite side. The 25-layer 

overlapping multi bead experiment had promising results and the possibility to continue 

depositing further overlapping beads over the initial 25 layers, heightening the wall structure, 

was viable. 

 

11.4 Macro- and microscopy of overlapping multi bead sample 

Macroscopy of the 25-layer overlapping multi bead sample cross-section revealed a clear 

view on the singular layers and dilution of the wall structure. The layers were divided into 

sections where clear changes in the internal quality were observed. The cross-section is 

presented in figure 38. 
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Figure 38. Cross-section of deposited wall structure with distribution to corresponding 

layers. Porosity can be seen as white dots in the structure. 

 

It can be seen from figure 38 that visually observed porosity was found from approximately 

the initial 11 deposited layers and decreasing between layers 12 - 16. No notable porosity 

was observed from the last 17 - 25 deposited layers.  

 

The porosity in the lower layers of 1 - 16 is likely caused by the faster cooling rate of the 

structure in the beginning of the deposition. As the first beads are deposited, the substrate in 

room temperature conducts heat from the deposited beads more effectively resulting in fast 

cooling. The observed decrease in porosity in layers 12 – 16 and absence of porosity in layers 

17 - 25 is presumably due to slowed down cooling of the structure. As the deposition 

continues, the structure remains in warm temperature from subsequent layers and the heat 

conduction slows down, which gives the gas cavities (pores) more time to disperse. Material 
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preheating could decrease porosity within the initially deposited layers, but this exposes 

austenitic stainless steel materials to degradation of corrosion resistance. Other notable 

defects were not observed from the cross-section. 

 

Microscopy of the cross-section was focused on the substrate joint, porosity filled area of 

layers and porosity-free area of layers observed in figure 38. The microscopy images with 

corresponding cross-section area are presented in figure 39. 

 

 

Figure 39. Micrographs of cross-section: a) Porosity free layers, b) substrate joint, c) 

porosity filled layers. 

 

Figure 39 a) shows a defect free bead layer structure from the top of the cross-section. 

Microstructure shows a typical austenitic stainless steel structure with dendritic ferrite. No 

notable defects (porosity, cracks) were found from the micrograph, and the bonding between 

the bead layers was uniform. Figure 39 b) shows fusion between the 316 SS substrate 

material and the deposited 316L wire material. Substrate microstructure consists of 

characteristic coarse austenitic grains while the deposited bead material shows more fine 

grained austenitic structure with dendritic ferrite. Fusions between the substrate material and 

first bead was adequate as no defects were observed from the joint interface. Figure 39 c) 

illustrates micrograph from the layers where constant porosity was found. Microstructure 

showed typical fine grained austenitic structure with no defects between the layer joints. 

However, continuous porosity was present as seen from the micrograph c). 
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11.5 Hardness test results 

Material hardness tests yielded Vickers hardness values (HV5) from substrate plate and first 

two deposited bead centerline. Hardness values ranged from 251 – 263 HV in substrate plate 

and 181 – 234 HV in the deposited zone. Test point results are catalogued in figure 40. 

 

 

Figure 40. Measured Vickers hardness values from substrate joint zone. 

 

As it can be seen in figure 40 the hardness values remain close to constant in the test points 

1 – 4 (251 – 263 HV5) on the 316 SS substrate plate. A decrease in hardness happens in test 

points 5 – 7 (234 – 181 HV5) through the deposited beads and remain close to same in test 

point 8 (190 HV5). The hardness values of substrate material and first deposited beads show 

no notable deviations from expected results. Slight decline of hardness values through the 

heat affected zone (HAZ) is expected with similar thermal processing. 
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12 CONCLUSIONS 

 

 

Directed energy deposition with wire and laser is one of the upcoming additive 

manufacturing methods in the fields of research and industry. Powder based DED has been 

studied comprehensively, while the use of metal wire as additive material has been emerging 

due to its advantages in higher material usage, cheaper material, and environmental 

friendliness compared to powder-based variant. The overall use of wire DED has been 

strongly focused on the use of arc as the fundamental heat energy source, while the laser 

processing variants have mainly focused on the use of Ti-alloys in the aerospace industry. 

One of the main issues with wire DED development has been the lack of direction 

independent material feeding, as the wire is fed to the process in traditional off-axial method. 

 

The aim of this thesis is further the understanding of wire-based laser-DED process method 

by studying its current standing in AM research and industry, defining the critical process 

related elements concerning viable equipment, parameters, and material attributes. The 

thesis consists of literature part, which clarifies the theoretical aspects related to process 

background, methods, and phenomenon behind DED with laser and 316L SS wire material. 

An experimental part is conducted to find suitable method of depositing 316L SS wire as 

additive material and manufacturing simple structures with off-axial material feeding. The 

thesis is done at research group of laser materials processing and additive manufacturing of 

LUT University as a part of project of Manufacturing 4.0 (MFG 4.0) funded by the Strategic 

Research Council (SRC) which is part of Academy of Finland. 

 

DED with laser and wire is a non-standardized AM method, where wire material is fed and 

melted to substrate material with laser beam acting as the heat energy source. Material 

feeding can be done in an angle to a perpendicular laser beam (off-axial) or perpendicularly 

to multiple angled laser beams (co-axial) with respect to substrate material. Processing head 

with laser and wire material output is moved along a defined path to form molten bead which 

solidifies on top of underlying material platform. Subsequent bead layers are deposited on 

top to form a desired structure shape. While the process method is still under research and 

development, commercial equipment has been brought to the market by different 

manufacturers. The equipment setups vary from desktop sized with built-in chamber and 
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platform to larger scale systems utilizing high power laser, industrial robot, CNC worktable 

and closed-loop monitoring. As mentioned, aerospace industry is one of the main interests 

of wire based DED in general, where high-end materials, such as Ti-alloys have been utilized 

to manufacture complete parts from ground up. 

 

Findings from literature on wire feed orientation concluded that the direction and angle of 

material feed have significant effect on the process when done off-axial. Feeding directions 

have been studied with frontal, side, and rear feeding, which each require characteristic 

configuration of process parameters for achieving controlled deposition. Frontal feeding had 

yielded most desirable outcomes. Wire feeding angle influences surface quality of the 

deposited beads. Higher feeding angles showed an increase in surface roughness. 

 

The experimental part of thesis was conducted in LUT Laser Materials Processing and 

Additive Manufacturing facilities utilizing IPG Photonics 10kW Ytterbium fiber laser, 

Precitec YW50 laser welding head, Carpano VPR-4WD adapted for off-axial wire feeding, 

and Siemens 840 D XY CNC router. Tests were conducted with 1 mm diameter 316LSi 

stainless steel wire deposited on 316 stainless steel plates of 5 mm thickness. Test samples 

were further studied with Keyence VR-3000 G2 3D measurement system and cut 

intersections were subjected to macro- and microscopy and hardness testing. 

 

Preliminary deposition tests concluded suitable laser power and wire feed speed values for 

smooth deposition with fixed values of wire feeding orientation, scanning speed and laser 

beam diameter. The effect of laser power and wire feed speed on deposited bead geometry 

were studied and limit values were noted as laser power vs. wire feed speed values proved 

insufficient or excessive for successful deposition. Single-bead sample measurements noted 

that bead height and width can be altered within limits with varying laser power and wire 

feed speeds, but low surface quality was observed closer to limit values as wire deposition 

turned stubbing or dripping. 

 

Multi bead tests were conducted to configure suitable parameters for manufacturing a wall 

structure. During testing, it was observed that widening of the structure happens as 

subsequent layers are deposited on top of each other with constant laser power and wire feed 

speed. This is due to slower thermal conduction through substrate as the wall size increased. 
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The widening effect was countered by decreasing laser power with subsequent layers as 

visually observed necessary. The successful final 25-layer wall sample yielded good 

dimensional coherence and no external deformations were observed. Cut intersection 

microscopy showed good bonding between deposited layer and the substrate material. 

Subsequent beads held good dimensional coherence between each layer, but continuous 

porosity was observed within lower layers of the structure, which is believed to be caused 

by faster cooling of the initially deposited beads. Porosity was observed decreasing towards 

upper layers and no porosity was found from the top layers, which would conform with the 

slower cooling of subsequently deposited beads. Porosity namely decreases the material 

density of the sections from which it was found. Vickers hardness tests resulted in slight 

material softening in the HAZ from substrate material through first deposited beads which 

is expected with similar thermal processing. 

 

Wire-based laser-DED shows great potential for future development and use in the AM 

industry. As with other wire-based DED processes, standardization of process methods 

hasn’t taken place yet, but will likely do so in the near future. The rising interest and ongoing 

development in wire-based laser-DED will bring new commercial equipment to market and 

broaden the range of potential industrial applications. 
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13 FURTHER STUDIES 

 

 

To construct more complex and sound structures and forms with off-axial wire and laser 

DED, the effects of side and rear wire feeding with practical tests is necessary. Integration 

of CNC turntable as a part of the process would also be viable to keep the wire feed direction 

constant in simple applications. Tensile strength experiments with manufactured tensions 

bars are a common method for further studying the mechanical properties of deposited 

samples. As a layer by layer manufactured structure, the mechanical properties of 

horizontally and vertically cut tension bars will most likely have major differences in tensile 

strength properties. The process could be further studied by implementing various 

accessories as a part of the process, such as robot and process monitoring. The key further 

studies are presented below: 

 

- Experiments with side and rear wire feeding 

- Mechanical properties study with manufactured tension bars 

- Co-axial wire feeding experiments 

- Process development by integrating melt pool monitoring, temperature monitoring 

industrial robot etc. for higher process automation and control 
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