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The purpose of this master's thesis is to study the phenomenon of the reflection, which 

occurs as a result of the melting of stainless steel 316L wire under the influence of 

emission from a high-power fiber laser in the process of direct energy deposition. Interest 

in the topic is due to the fact that uncontrolled reflection can go beyond the keyhole and 

reduce the efficiency of the process. Based on this, an experiment was conducted to 

determine the shape, position and amount of reflected energy. The shape and position was 

determined using a thermo- and a high-speed cameras. The reflected power was expressed 

in relative values. It was found that the percentage of energy lost can reach 35%. A 

tendency of a decrease in reflection with an increase in input power was also noticed, and 

the most favorable angle for processing stainless steel 316L wire was determined. 
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1 INTRODUCTION 

 

Nowadays, additive manufacturing (AM) is considered promising and the expectations have 

reached the peak. Maturity of technologies is developing gradually with more and more 

industrial applications becoming involved. There are various AM technologies, each of 

which has its own characteristics, strong sides and process-specific attributes. For example, 

in powder bed fusion technology, which is one of the most common varieties of AM, thermal 

energy of laser beam selectively fuses predefined geometry layer by layer in the powder bed.  

 

Two of the most common methods are directed energy deposition and powder bed fusion. 

Manufacturing fields benefitting the most from additive manufacturing are consumer 

products, aerospace and electronics. [1] Frontrunners in applying these novel technologies 

in industrial scale production are companies operating in fields of automotive, medical 

devices and aviation, where prototyping and industrial serial production via AM have 

become generally accepted industry standards. [2] 

 

Directed energy deposition method is becoming intensively researched these days (see 

Figure 1). According to Scopus data, since 2013, the number of research articles on the topic 

has been steadily growing. As Figure 1 shows, compared to 2017, in 2018 there are 1.37 

times more publications. This increased research interest is most likely associated with 

recent innovations in additive manufacturing. Of particular interest has been using powder 

as a source material. Compared to wire, powder-based process enables higher accuracy, 

because material is being fused in thin layers. 



 

Figure 1. Analysis of the number of articles in Scopus in the field of directed energy 

deposition in the period from 2010 to 2019. 

 

Up to date, the use of wire has not been very common, and, according to Scopus data, has 

not been investigated thoroughly enough. An analysis of articles uploaded to the Scopus 

scientific database was carried out. For keywords, titles and a brief description, a search was 

made and it was found that the number of articles on direct energy deposition with powder 

significantly exceeds the number of articles on wire (see Figure 2). However, interest in wire 

as a base material is growing, partly because of innovations made in feeding systems, 

moreover, this method is more cost efficient and produces higher metallurgical quality. 

 

Figure 2. Analysis of the number of articles in Scopus in the field of directed energy 

deposition in the period from 2014 to 2019. 

0

10

20

30

40

2014 2015 2016 2017 2018 2019

N
u

m
b

er
 o

f 
ar

ti
cl

es

Year

with wire with powder



During the deposition process, reflections can occur from the wire and from the melted drop, 

which can be reflected both to the environment and to the keyhole. In the first case, there is 

a loss of energy, in the second - an increase in the efficiency of deposition. This topic is 

practically not studied, although knowledge of it will help improve the efficiency of the 

process of direct energy deposition. Reflection measurements using a fiber laser have not 

yet been carried out. 

 

In this paper, an empirical study was made of the process of direct energy deposition based 

on wire, and an experiment was carried out to measure the reflection arising in the process. 

The aim of the work is to investigate the reflection effect in the process of deposition of 

stainless steel 316L wire using a high-power fiber laser. It was possible to determine on 

which parameters the reflection depends and calculate the percentage of reflected power for 

given wire. 

 

The tasks of the work are to study the process of direct energy deposition, compare the use 

of wire and powder as a filler material, review articles by other researchers that improve the 

process, and identify challenges and limitations that are difficult to overcome at the current 

stage of technology development. The main task is to measure the amount of reflected energy 

from the wire. 

 

The report presents all the parameters, devices, experimental setup, which can ensure 

repeatability of results. 

 

  



2 STATE OF ART 

 

2.1 Principle 

Directed energy deposition (DED) is an additive manufacturing process in which the energy 

of the laser beam is directly supplied to the place of construction or layered formation of the 

product, resulting in material buildup directly under the area where energy is supplied.  

 

In DED, the part is created when laser beam melts powder layer by layer. It allows to create 

samples of complex shapes without limitations, in contrast to conventional production 

methods. This is especially beneficial if weight reduction of the part is needed, since AM 

allows to remove all unnecessary parts and optimizing the component structure through 

keeping only crucial ones. Another advantage is that there is no need to use additional tools.  

 

There are other reasons making wire a viable and attractive material to be used instead of 

powder in certain applications. Complexity of the process in one of the main aspects to 

consider, as for example in the case of using electron beam as a heat source, difficulties arise 

with application of the powder in a vacuum environment due to the ionization of the gas.  

 

In principle, the equipment for directed energy deposition consists of energy source, powder 

or wire feeder and nozzle, shielding gas, and robot. The typical installation of DED 

workstation can be seen from Figure 3.  

 

As Figure 3 shows, a focused beam as a heat source is used to melt the powder that is fed 

through the nozzle. Each head passage creates a new layer of powder, which is being built 

up layer by layer and forms a volume of the detail. [3] Any powder material that remains 

stable in the molten pool can be used as a building material. Metals such as copper and 

aluminum are difficult to process, as they are highly reflective. 

 



 

Figure 3. Installation of powder directed energy deposition. [3] 

 

In contrast to powder bed fusion, material buildup in a wire-based DED happens without a 

layer of building material is not formed on the surface (“bed”) of the platform. Instead, the 

material is being fed to a specific location where energy is present at a given time, thus 

forming the part. Process has principal similarity to conventional welding, where welder 

brings the electrode to the specific place where the melt zone is formed. [4]  

 

In comparison with powder bed fusion, DED enables to coat and clad surfaces with complex 

geometry and can be used in specific locations. It also allows to treat large scale structures 

as deposition rate is higher. [5] 

 

2.2 Powder vs wire 

There are other reasons making wire a viable and attractive material to be used instead of 

powder in certain applications. Complexity of the process in one of the main aspects to 

consider, as for example in the case of using electron beam as a heat source, difficulties arise 

with application of the powder in a vacuum environment due to the ionization of the gas.  



Another aspect is that there is much less oxygen in the wire, which reduces the risk of a 

defect formation such as porosity. Again, in the case of electron beam welding, the efficiency 

(material applied vs material actually used for buildup) of wire is close to 100%, and in most 

cases the powder has only 50%. Some of the powder materials can be reused up to 9 times, 

which is environmentally friendly and economical, however requires additional effort and 

know-how. [6] No examples of recycling and reuse of wire were found in the literature 

survey carried out in scope of this work. 

 

One more advantage of wire is that it is easier to store and produce. Heat sources such as 

laser, EB, arc, and plasma can be used for processing wire. Usually a laser or electron beam 

is used, as these provide higher accuracy compared to other methods.  

 

High deposition rate and efficiency of using wire compared to the powder bed fusion process 

is visible also in lack of necessity of filling the entire volume with the material, as it will 

later be selectively melted to create the part. Despite the fact that the powder can be re-used 

after further processing in the future, it takes a huge volume to create large parts. The fraction 

of the powder that has been contaminated during primary treatment becomes partly unusable 

and must be discarded. Some powders may also oxidize during processing, which negatively 

affects the condition, integrity and quality of the part.  

 

However, wire based DED has a significant limitation. The process has a lack of dimensional 

resolution, so the values of the thickness and width of the layer reach low values, in contrast 

to PBF, which produces the best dimensional accuracy and thereby allows obtaining thin 

walls and lattice structures. [7] 

 

The deposition rate of the wire can reach very large values, but at the same time, because of 

this, there is a risk of formation of rough surfaces that require careful post-processing. 

 



To control the size and vary the thickness of the structural elements, wires with different 

diameters can be used. The smallest part size that can be created is determined by the 

diameter of the wire. Thus, for creation of small parts a wire with a small diameter is chosen, 

and large parts are produced with thicker wire.  

 

Several wire delivery mechanisms exist and at certain cases applying a double wire feed 

system widens the process window. Its feature is the simultaneous use of two wires at once, 

which can be of different sizes and compositions. [8] 

 

2.3 Selection of wire 

The composition of the wires may vary, and wire is chosen depending on mechanical 

properties that are needed. According to The Grainger Catalog, which is a major supplier of 

wires, there are 380 variations of welding wires among steel and nickel alloys. Wires are 

made from other materials, but they are not represented in the Grainger Catalog. [9] Figure 

4 shows the materials from which the wire can be made. 

 

Figure 4. The materials used to make wires applicable for direct energy deposition. 



For example, in article [10], Inconel wire was used as a filler material, since its composition 

helps to improve corrosion resistance for stainless steel parts. Thus, the chemical 

composition of the wire is crucial and helps to control the properties of the part. Figure 5 

shows the composition of the wire used in the study. 

 

 

Figure 5. The elemental composition of the wire and the substrate. [10] 

 

As mentioned above, the cost of the wire is much higher than that of the powder. Data on 

the cost of the powder was taken on the website of the company Sciaki (see Figure 6). 

Comparing prices, it can be noticed that, for example, the cost of the Inconel 625 was a 

maximum of $ 65 per kilogram, while the powder cost $ 120, which is almost 2 times more 

expensive. This trend is visible with all the above materials, except for Tantalum, the cost of 

which is about the same in both cases. The data reflects prices in the USA market in 2015. 

[11] 

2.4 Heat sources 

2.4.1 Variations 

In DED process several heat sources can be used. In Table 1 all possible methods are 

mentioned, as well as feedstock type and its principle.  Typically, two different nozzle 

constructions can be used for powder feeding – coaxial and off-axial. Co-axial feeding 

system means that powder and laser beam are coaxial positioned to each other. Hence, the 

off-axial system consists in feeding the filler material separately from the laser beam. 

 



Figure 6. Market value of powders and wires for welding in 2015 in the USA. [14] 

 

Table 1. Overview of the DED processes. 

Heat source type Process Feedstock type Feedstock feed 

principle 

Actual heat 

source 

Laser Beam LMD 

Powder 
Co-axial 

Diode laser 

Disc laser Fiber 

laser 

Off-axial 

Wire 
Co-axial 

Off-axial 

Electron beam EBMD Wire Co-axial EB 

Electric arc 
WAAM/ 

PAAM 

Wire 

Off-axial GMAW 

Off-axial 
TIG 

Plasma 

Powder Off-axial TIG 

 

For material processing, lasers with high power (at least 500 W) are often used, as it has 

good focusability of the beam to deposit a great amount of heat in work area. Laser as an 

energy source consists of an energy source, an active medium and an optical resonator, which 



amplifies the light by stimulating radiation. Based on active lasing medium the laser sources 

can be categorized in solid state, gas, semiconductor, fiber types. [12] 

Nowadays the most commonly used lasers for fiber and disk lasers. In earlier studies [13], 

CO2 lasers were also used, as the cost of production is inexpensive, relatively good, however 

the absorption in metals is rather low. Table 2 shows comparative characteristics of different 

laser types. Based on the data, fiber and diode lasers have the highest absorption efficiency 

value. 

  

Table 2. Features of different lasers for LMD. [14] 

Characteristic  CO2 Diode  Disk Fiber 

Wavelength, nm 1 064 808 + 980 1 030 1 070 

Efficiency, % 5-10 30-50 25 50 

Available 

Maximum 

power, kW 

45 15 16 100 

Beam quality, 

mm*mrad 
3,7-12 100-1000 2-12 0,37- *, ** 

Absorption to 

Steel, % 
4 - 10 30-35 30-35 30-35 

Fiber coupling No Yes Yes Yes 

* Single mode 0.37mm*mrad up to 10 kW  

** Multi mode 8 mm*rad up to 100kW 

 

2.4.2 Fiber laser 

Fiber laser is characterized by high electrical efficiency and output power while providing 

excellent beam quality. The relatively small size of the high power laser system makes it 

more mobile than alternative systems. Fiber laser is based on an optical glass fiber doped 

with rare earth metals such as ytterbium, erbium, neodymium. A fiber laser doped with 

ytterbium ions is particularly wide-spread, since it has a high quantum efficiency. [14] A 

schematic representation of an ytterbium fiber laser can be seen in Figure 7. 



 

Figure 7. Fiber ytterbium laser: a) scheme, b) production example. [15] 

 

Its principle of operation consists in pumping laser diodes, which leads to the generation of 

radiation with long wavelength of 1070 nm. [15] A typical scheme of the main components 

is as follows: 

 

• As a source of pumping of optical waveguides, broadband light-emitting diodes or 

laser diodes with single-mode radiation are used, which provide high brightness and 

a large generation output; 

• Lasing environment consists of active fiber and pump waveguide. Fiber fibers doped 

with rare earth or bismuth additives are used. Doping density is determined by the 

length of the manufactured fiber. The main material of the fiber is ultrapure fused 

silica which has minimal optical losses. The upper limit of the pump power of such 



doped quartz is a few kilowatts, which is determined by the maximum radiation 

power per unit area at which the material does not collapse; 

• Optical resonator performs the functions of a resonant laser system and is designed 

to create a positive optical feedback, due to which the laser amplifier is transformed 

into a laser generator. It focuses the light emitted by the active substance into one 

narrow beam. The resonator determines the spectrum, polarization and directivity of 

the generated radiation. Most often, Bragg mirrors, ring resonators and Fabry-Perot 

resonators are used in the resonator design. [16] 

 

Among the advantages of a fiber laser, it is worth noting its ability to deliver a beam through 

a flexible optical fiber, which distinguishes it from other lasers used in additive 

manufacturing. It is also not susceptible to changes and environmental effects. Moreover, by 

using a system combining several fibers at the same time, power up to 100 kW can be 

achieved. [17] 

 

2.5 Rules and limitations 

Wire based AM is applicable for generating large sized components. However, wire as the 

source material in DED has several issues to be accounted for. Most crucial being residual 

stress and distortion caused by extreme heat input and poor part accuracy caused by bad 

surface preparation. DED with wire also requires proper control many of parameters such as 

deposition speed, wire diameter, wire-feed speed and others. Nevertheless, the main problem 

in case of wire DED in production huge parts is a residual stress-induced deformation, which 

leads to the formation of cracks. In addition, strength and ductility, risk of porosity, hardness 

and other characteristics of the final product depend heavily on proper process control. That 

is also the reason why careful parameter’s setting and surface preparation are so important. 

 

In case of wire-based system, it is very important to control position of wire because it effects 

condition of deposited metal and drop transfer characteristics. There are three positions: 

front, back and side feeding (Figure 8).  

 



The meaning of the deposition rate can be found from counting input parameters of the wire 

diameter and feed rate. It is also was found by Brandl et al. [18] that output parameters of 

the operating zone are dependent on the feed rate. Other main dependencies are shown in 

Table 3. In comparison with powder bed technology, DED with wire has significant 

deposition rate due to large and defocused beam. In overall, there is not only one major 

condition for creating a high quality structure; the process of DED itself is a complex 

solution with considering many of settings.  

 

Table 3. Relations between DED parameters. [18] 

 Deposition area Structure height Structure width 

Laser power ↑ X ↓ ↑ 

Welding speed ↑ X ↑ ↓ 

Wire feed rate

Welding speed
 ↑ ↑ ↑ X 

↑: increasing, ↓: decreasing, X: no effect 

 

Figure 8. Illustration of feeding directions. 

 

2.6 Defects 

One of the main focus areas in wire DED research is developing technique preventing 

different defects, appearing during the process. The big task for researcher is to preventing 



different defects, appearing during the process. When wire is used instead of powder, it helps 

to decrease risk of porosity inside of a work piece but has negligible influence on occurrence 

of other defects. 

 

Figure 9. The illustration of evaporation process. 

 

Through vaporization process, some particles of alloying elements leave the sample (figure 

9). It leads to increasing possibility of structural and metallurgical changes in the output 

composition, having impact on mechanical properties and corrosion resistance. [19] One of 

the way to measure this changes is spectrometry. It can give good results. In addition, this is 

a non-destructive method having no influence on the process itself.  

 

Porosity is a common defect and even with replacing powder with wire it does not guarantee 

samples completely free of porosity. In laser DED, shielding gas is often used to protect melt 

pool and thereby reduce the porosity, but it also can be a reason porosity occurrence, but it 

is not so common. For electron beam DED, vacuum is required.  

 

In paper [20], a graphical method for estimating the distribution of porosity was proposed 

and has been visualized on in figure 10. At the beginning, each pixel is calculated to obtain 

information about the porosity in each of them. The porosity level is indicated by different 

colors for clarity. Moreover, the graph shows the voids of any size, even the smallest. 



 

Figure 10. Proposed graphical evaluation method for void distribution; (a) analyzed 

original picture, (b) color map of local porosity rate. [20] 

 

There is also keyhole pore formation (Figure 11a) in case of using keyhole mode in laser 

AM. In that task, size of pores depends on size and form of the keyhole. 

 

Lack of fusion defects are also a common problem for AM process, originating from the 

same reason as occurrence of porosity.  In addition, underlying cause may be not enough 

molten pool penetration from the higher layer to the base metal or to the previous layer 

(Figure 11b). [21] 

Figure 11. (a) Pore formation by keyhole mode (b) lack of fusion and gas induced pores. 

[21] 



2.7 Applications 

The range of application of direct energy deposition technology is quite wide. It is used both 

to create new parts and to improve the surface properties of an already finished product (see 

Figure 12). Directed energy deposition (DED) allows to create 3D volumetric models that 

are used as visualization and functional parts as well. For example, to restore broken parts 

to extend their service life. Also it can be used for add material to existing components. [22], 

[23] 

 

As a result of corrosion and other damages during service life, many tools wear out and 

require replacement. Use of the DED helps to prolong the lifespan of the components by 

recreating the damaged surface with the same material, or perhaps a new mixture with more 

attractive properties. Replacing equipment is always expensive and can be harmful to the 

environment. DED is environmentally friendly process and saves costs by repairing rather 

than throwing. [22] 

 

Figure 12. Ways of application direct energy deposition. 

 

Direct energy deposition is extensively used to repair turbine blades. For example, in [24], 

successful restoration of defective voids in a turbine was carried out using the DED process. 

In [25], diode laser DED was used for repairing internal cracks in metal components. The 

result was a solid, well-melted structure, but with the presence of porosity, which showed 

correlation with increase in power. DED can also be used to manufacture new parts. 

Nowadays it is not very common in industrial use but there is lot of potential.  



3 CHALLENGES AND LIMITATIONS 

 

Additive manufacturing is a high promising technology and is already actively used in such 

industries as medicine, mechanical engineering, and aerospace building for creating 

functional parts. This also is used for prototyping. But despite this, there are still some 

restrictions that cause production difficulties, especially in the case of manufacturing 

complex parts. Next will be considered some of them. 

 

3.1 Residual stress 

Premature failure of parts and its distortion may be caused by insufficient control of residual 

stresses and distortions. Thermal deformations result from uneven resizing of the material. 

Of course, the residual stresses can be reduced by subsequent machining, but the resulting 

distortions lead to loss in tolerances, so control of residual stresses is an important task during 

the additive process. In order to study the possibilities of controlling residual stresses, many 

experiments have been conducted[REF]. The studies were carried out with a change in 

temperature, cooling and heating time between passes and the sequence of deposition within 

the sample. 

 

For example, in order to reduce residual stresses, a method was introduced in which a 

number of so-called “towers” were first applied, after which they were combined to create a 

large deposition area. [26] In Figure 13, an example of this approach can be seen. Due to the 

peculiarity of the method, the ratio of the surface area of the “tower” to its volume, rapid 

cooling is achieved. Thus, selective deposition reduces residual stress, since most of the 

deformations occur before the deposited layer has time to become constrained, i.e. during 

cooling. 

 

The deposition pattern has a large effect on residual stress, as it also affects the temperature 

distribution. This was proved in studies [26], the principle of which is shown in Figure 14. 

For the experiment, samples with different forms of the pattern were used. As a result, it was 



found that the deviations from the substrate in the case of a spiral pattern were smaller than 

in the case of a raster sample. The same results were obtained in  the study [27]. 

 

 

Figure 13. Deposit layer application methods. [26] 

 

There are also models that allow control residual stresses and distortions. One of these 

models, based on the finite element method, is presented in [28]. According to the study, 

continuous deposition without cooling between passages allows to avoid material 

deformation due to preheating of the substrate. In a study [29], it was also proved that the 

substrate makes it possible to keep the temperature more stable and, accordingly, reduce the 

amount of cracks. The thermal stresses of the substrate. Thus, induction heating reduced the 

disposition characteristics (see Figure 15). The heating and heat input were increased. It has 

a positive effect on efficiency of powder catchment. Consequently, induction heating 

increases. 



 

Figure 14. Deposition on substrates. [30] 

 

Figure 15. Cross-sections of the multi-layer deposited specimens: (a) without substrate 

preheating (b) with induction preheating; (c) magnified image of the deposition/substrate 

interface region. [29] 

 



The risk of excessive heating of the substrate is also to be concidered, since the heat is 

intensively directed to one zone. This leads to the melting of the substrate, the unevenness 

of the surface and the deterioration of the dimensional tolerances. [29] Therefore, it is 

necessary to find a balance so that the substrate is heated to the required temperature while 

there is no risk of overheating. 

 

In a study [31], it was observed that residual stresses take the highest values at the highest 

deposition ranks. This is because the last application weakens the stresses in the previous 

layers. But the influence of the deposition sequence can be minimized by cooling between 

passes, which was mentioned above. According to existing studies, the residual stress is 

affected by the nature of deposition, preheating and the sequence of deposition of layers, 

mainly in the case of thick-walled structures and two-dimensional layers. Thermo-

mechanical models are widely used under production conditions to predict the occurrence of 

residual stresses. [32] 

 

3.2 Accuracy 

The method of cutting material is also an important part of the process, as it affects the 

accuracy of the part. [33], [34], [35], [36] Figure 16a shows the standard sample cutting 

method. As can be seen, cutting occurs evenly. In the case when the cut model does not 

coincide with the initial one, a mismatch may occur (Figure 16b). To solve this problem, the 

adaptive slicing strategy is applied. This allows to adjust the layer thickness, adjusting the 

model. (Figure 16с). 

 

Figure 16. Ways to adjust the layer thickness: a) standard method, b) model with constant 

thickness, c) the adaptive slicing strategy. [33] 



With an approximate construction of layers with a certain thickness, one can obtain the “stair 

stepping” effect, which allows one to determine the size of the error (see Figure 17). The 

error of the part investigated in the study increases with the layer thickness. [37] Therefore, 

the use of powder as a filler material provides greater accuracy in comparison with the wire, 

since the powder particles have a smaller diameter. But the above method was considered to 

improve accuracy by reducing the diameter of the wire by 2 times. 

 

Figure 17. Schematic image of “stair stepping” effect. [37] 

 

3.3 Surface finish 

To achieve high surface quality in additive manufacturing, it is necessary to monitor the 

accuracy of models for bead geometry. Various methods to investigate the dependence of 

the state of the bead on the processing parameters were investigated, including neural 

networks analysis [38] and regression analysis. [39] 

 

In study [40], single- and multi-bead deposition were simulated, which were expressed in 

parabolic form using regression analysis. The advantage of using this method is that it was 

enough to measure only the height of the bead to obtain information about its geometry. In 

[41] the sine function provided the best accuracy. Other profiles were also compared there 

and it was concluded that the choice of a suitable model depends on the feed rate of the filler 

material. At the moment, the models are not sufficiently accurate and errors can reach 

unacceptable values, so the creation of more accurate simulations is an urgent task. 



 

A flat-top overlapping model was created for research and forecasting of multi-bead (see 

Figure 18). When changing the spacing of the center, the value of the overlap changes. To 

achieve a suitable center distance, it is necessary that the overlap area and the area of valley 

be the same (see Figure 19). But this condition is considered impracticable and leads to a 

wavy surface, which can cause unevenness of further layers. However, there are sufficiently 

accurate models for a small amount, for example, for mild steel. 

 

To avoid the formation of an uneven surface, a continuous path was used in the study [42]. 

It allowed to reduce the number of welding passes, respectively, the surface suffered less 

from repeated starts and stops. 

 

 

Figure 18. Scheme of flat-top overlapping model. [41] 

 

Figure 19. Samples with different center distance: a) d > w b) d < w c) d < 2, overlapping 

area = area of valley d) d < w, overlapping area > area of valley. [41] 



4 REFLECTION PHENOMENA 

 

4.1 Formulation of the problem 

The efficiency of the process of direct energy deposition is determined by the absorption of 

laser beam. But in the process there are reflections from the wire, and from both its solid part 

and the melted ball. There are various parameters that affect the number of reflected rays, 

such as the wire feed speed, its angle of inclination, laser power, intensity, angle of beam 

incidence. [13] All this will be discussed further in more detail. 

 

Reflection can be directed to the keyhole, which can lead to an improvement in the quality 

of the bead. However, if the reflection goes beyond its limits, then the beam is lost and the 

amount of energy reflected in the environment can reach 50%. [43] Reducing the welding 

speed will lead to concentration of heat, which would be enough for good penetration of the 

wire, even despite the reflections. Therefore, the process involves a large tolerance interval 

for the position of the wire that need to be studied. 

 

4.2 Parameters affecting the reflection 

4.2.1 Temperature 

When using a laser as a radiation source, a significant part of its radiation is absorbed by the 

metal. Fast local heating can occur on the surface, since the energy was absorbed in a thin 

surface layer. Therefore, to fully estimate the absorption, it is also necessary to know the 

changes in reflectivity depending on temperature. In a study [44], it was shown on the 

example of gold, aluminum and silver, that reflectivity decreases with increasing 

temperature. 

 

Absorption generally increases with increasing surface temperature. For example, Figure 20 

shows the dependence of reflection on temperature for steel, aluminum and copper. With an 

increase in intensity, a keyhole appears, and if the reflected energy is directed into it, an 

improvement in the bead can be achieved. 



 

Figure 20. Reflectivity as a function of surface temperature for some industrial materials. 

[13] 

 

4.2.2 Angle of incidence 

One of the parameters affecting absorption is the angle of inclination between the surface 

and the laser. To achieve the highest absorption value, it is necessary to ensure a 

perpendicular relationship between the beam and the surface. Accordingly, as the angle 

decreases, the absorption coefficient decreases (see Figure 21). 

 

4.2.3 Power intensity 

Figure 22 shows how the reflection depends on the power intensity. When the intensity 

reaches 106 W/cm2 the keyhole is formed and reflectivity decreases to a value close to zero. 

[43] 

 



 

Figure 21. Dependency of the reflectivity of the surface on the angle of incidence of laser 

beam and plane of polarization. [13] 

 

 

Figure 22. The dependency of material reflectivity on laser power intensity. [13] 

 

The process of metal deposition on the surface and its result is influenced by various 

parameters. Depending on the values of these parameters, the bead of different geometry, 

sizes, with or without defects can be got. Therefore, it is important to select the parameters 

appropriately to achieve a quality result. 



Among the parameters that have the greatest influence, laser power, the feed rate of the filler 

material and the size of the beam on surface of material can be distinguished. [14] These 

parameters affect the metallurgical properties and dimensional accuracy of the part. The 

direction of wire feeding is also of interest among researchers. For example, in a study [45] 

in which the direction of wire feed and the laser beam were carefully controlled to achieve 

sufficient interaction. 

 

4.2.4 Laser power 

Laser power plays an important role in the cladding process, as it affects the melting of the 

wire. For example, in a study [46], it was found that with increasing power to minimize 

porosity, the molten pool and the shape of the grains changed and residual stresses appeared. 

The study [32] also showed that with increasing power, the width and height of the deposited 

layer increased. It was also noticed that the wire feed rate also depended on power. 

According to the article [13], the rate of solidification decreases with the fad of power and, 

thus, leads to the formation of columnar grains. However, there is a study [32], which asserts 

that the increased laser power, although capable of changing the dimensions of the weld, 

does not have a significant effect on the general state. According to the study [47], even at 

the same power values, a narrow beam allows to achieve the highest speeds of the process 

and powder feed, in comparison with a wide beam. 

 

4.2.5 Wire feed rate 

To obtain a stable and high-quality deposition profile, it is also necessary to take into account 

the wire feed rate parameter. The effect of wire feed rate on two microgeometry parameters, 

such as accumulated pitch deviation and total profile deviation, was investigated in [48] and 

suggested a method for optimizing basic parameters. It was found that higher deviations in 

profile and pitch are achieved with lower values of the wire feed rate (see Figure 23). 

 



 

Figure 23. Dependence of profile and pitch deviation on wire feed rate. [47] 

 

In [49], the effect of the process parameters on the Inconel 625 material was studied. At a 

very low powder feed rate, the wire dripped intermittently, which led to the formation of an 

uneven weld, as can be seen in Figure 24. Other parameters, such as power and traverse 

speed remained constant. Due to the low speed at the tip of the wire a ball was formed, which 

could not fall to the surface for a long time and was increasing in size. Over time, under 

influence of gravity, it fell on the detail, forming an uneven layer. 

 

Simultaneously, when the power and traverse speed were kept constant, and the wire feed 

rate was excessive, the wire interacted with the beam too little, which caused it to fall into 

the molten bath in almost solid state and hit the substrate base. This led to the displacement 

of the tip of the wire in respect to substrate. Ultimately, the wire melted in the molten bath 

at the expense of energy, but as a result, the unsatisfactory result was obtained. 



 

Figure 24. Deposits of Inconel625 wire: a) wire dripping; b) smooth wire deposition; c) 

wire stubbing. [49] 

 

4.2.6 Process Speed 

The deposition rate is a basic parameter that determines both the welding processes and the 

processes of additive manufacturing. To obtain a qualitative deposition profile, it is 

necessary to carefully select this parameter. Sometimes it is not easy, because too high a 

level of precipitation leads to insufficiently deep penetration and penetration of the filler 

material. At the same time, too low deposition leads to the expansion of the heat-affected 

zone and high dilution. 

 

In a study with a CO2 laser [50], it was found that the deposition area and the weld width 

decrease with increasing speed, regardless of whether the pushing or pulling techniques were 

used (see Figure 25). With increasing speed, there was a lack of penetration.  



 

Figure 25. Dependence of the welding profile on the process speed in autogenous mode: a) 

penetration depth; b) bead width; c) weld area. [49] 

 

4.2.7 Wire feed angle and direction 

In [43] a significant effect on the resultant angle of the wire and its position was observed. 

During the welding process, part of the power was reflected. In Figure 26 can be seen that 

the directions of reflection of energy are different at different angles of wire feed. The 

experiments conducted on the maskplate are marked in the Figure 26 with the letter M, and 

the welding experiments as W. 

 



 

Figure 26. The directions of the reflected laser beam in the process of welding experiments 

W and maskplate M. [43] 

 

As a result of the experiment, the susceptibility of the wire to reflections from a laser beam 

was demonstrated. This is due to the low temperature of the wire and its non-optimal position 

during the welding process. If this parameter is not adjusted well, the level of reflection 

losses can reach 50%. When wire is fed at a small angle with the surface, the directions of 

the reflected radiation will be directed above the workpiece. With a feed angle of more than 

45 degrees, most of the reflection enters the keyhole. According to the results, the best result 

was achieved at feed angles ranging from 45 to 69 degrees. Mok et al. [51] also investigated 

this issue and obtained the highest rate of deposition efficiency at an angle of 45 degrees for 

the Ti – 6Al – 4V alloy. In a study [47], a method was proposed to avoid splashing and 

keeping the molten pool stable by reducing the wire feed angle to the material and reducing 

the distance between the wire and the substrate.  



5 EXPERIMENTAL PART 

 

Reflection in the process of laser welding has not been studied enough, although it has 

already been proven that a significant part of the energy can be spent on it. Reflection can 

have both positive and negative effects on the welding process. The experiments studied the 

effect of reflection during the process of deposition of stainless steel wire 316L under the 

influence of high-power fiber laser beam. As variable parameters, the wire feed rate, wire 

tilt angle, power, laser radiation exposure time, beam diameter were used. This chapter 

describes the experimental setup, methodology, results and analysis. Also presented are 

possible improvements and directions for future research. 

 

5.1 Description of the set up  

The study used several devices, such as ytterbium laser system YLS-10000, Wire Feeder 

VPR-4WD, A high-speed Optronics CR3000 × 2 camera, Infra-red camera FLIR A615, 

CAVILUX HF illumination source. Further, these components will be discussed in more 

detail. 

 

As a heat source ytterbium laser system YLS-10000 operating on 1070 nm with maximum 

10kW power was used. The main parameters of this laser system are shown in Table 4. 

Laser.net software was used to control the parameters. The wire was fed through the Wire 

Feeder VPR-4WD with 4-wheel, which can operate both in the “cold wire” and in the “hot 

wire” modes. The control of the wire feed rate was performed using a programmable 

controller. 

  



Table 4. Parameters of ytterbium laser system YLS-10000. 

Parameter Value 

Wavelength, nm 1070 ±5 

Modulation Frequency, kHz 0-5 

Max. Average Power, kW 10 

Mode of Operation CW/Modulated 

Weight, kg 500 

Cooling Water-cooled 

 

A high-speed Optronics CR3000 × 2 camera was used to track wire melting. The camera 

provides a large number of shots, which allows a detailed review of the process. The main 

properties are shown in Table 5. The Time Bench software was used to control the camera 

parameters, which also allows to monitor the process online. 

 

Table 5. Main parameters of Optronics CR3000×2. 

Parameter Value 

Full resolution, pixel 1696×1610 

Pixel size, µ𝑚2 8×8 

Frame size, 𝑚𝑚2 13.57×13.68 

Frame diagonal, mm 19.27 

Shutter efficiency, % 99.9 

Power, W 12 

 

Infra-red camera FLIR A615 thermal machine operates in the infrared spectrum. The camera 

made it possible to determine the position and area of reflection. This is capable of fixing 

the temperature gradient up to 50 mK, which ensures high accuracy of measurements. 

Controlled by FLIR software. The main parameters are given in Table 6. 

  



Table 6. Main parameters of Infra-red camera FLIR A615. 

Parameter Value 

Camera size, mm 222 × 73 × 75 

Field of view, degree 15 × 11 

Image Frequency, Hz 50  

Focal Length, mm 41.3  

 

To illuminate the wire the CAVILUX HF source of illumination is applied. This emits a 

pulsed diode laser beam. The software of the same name allows to control the parameters of 

emission. Compact Power Monitor CFM-F operating at wavelength 800-1100 nm was used 

to measure the reflection coefficient. The device is designed to measure energy with 60 mm 

maximum beam diameter. The diameter of the measuring part is 10 мм. The power density 

is restricted to 500 W/𝑐𝑚2 with plane absorber. In order to limit the reflection zone, a 

stainless steel 304 plate with 2 mm thickness is coated with black paint to increase the 

absorption rate. The plate also has markup, which helps to determine the area of reflection 

(see Figure 27). The first installation is designed to determine the position and direction of 

reflection in order to subsequently install an energy detector in a suitable place. The 

installation is shown in Figure 28 a, b. 

 



 

Figure 27. Marked plate from stainless steel. Step is 3 cm. 

 

Figure 28a,b. Experimental setup: 1 - ytterbium laser system, 2 – wire feed nozzle, 3 - A 

high-speed Optronics CR3000 × 2 camera, 4 – stainless steel 304 plate, 5 - Infra-red 

camera FLIR A615 thermal camera, 6 - the CAVILUX HF source of illumination, 7 – 

stainless steel wire, 8 - support structure. 



5.2 Wire 

Cromamig 316LSi is primarily intended for welding the low carbon, molybdenum alloyed, 

acid resisting 316L austenitic stainless steels of similar composition. It is also suitable for 

welding 304L type steels, as well as normal carbon 316 grades and Nb or Ti stabilised steels 

provided the service temperatures of the components remain below 400°C. A more detailed 

chemical composition of Cromamig 316LSi is presented in Table 7. The higher silicon 

content gives better arc stability and weld metal flow which improves bead appearance, 

particularly when dip transfer welding.  

 

Table 7 - Chemical composition. 

Element С Si Mn P S Cr Ni 

Value, % 0.015 0.85 1.75 0.015 0.01 18.5 12.0 

 

Stainless steel welding wire with a low carbon content operating at temperatures from -196 

to 350 °C from the acid-corrosion-resistant steels, as well as CrNi steels, when the weld 

metal is subject to strict requirements for resistance to intergranular corrosion. It can also be 

used for welding chromium corrosion-resistant steels of ferritic class, when there is no weld 

contact with sulfurous media, and the operating conditions of the product do not require the 

identity of the linear expansion coefficients of the base and weld metal. The increased silicon 

content improves the welding-technological characteristics, such as the wettability of the 

edges being welded. The mechanical properties of the 316LSi are presented in Table 8. 

 

High plastic characteristics of the deposited metal, as a rule, allow to carry out subsequent 

technological operations associated with plastic deformation of welded workpieces, without 

conducting post-weld heat treatment. Good resistance to general and intergranular corrosion 

in the more severe environments e.g. hot dilute acids. [52] 

 



5.3 Experimental procedure 

Figure 29 shows a schematic view of the principle of operation of the setup. First, the laser 

is turned on and the wire is fed through the nozzle. During laser operation, the high-speed 

and infrared cameras record the behavior of the melting wire. To limit the reflection area, 

use the reflection catcher. The installation is assembled in such a way that it is possible to 

change the angle of wire feed. 

 

Table 8. Mechanical properties. 

Properties Specified Typical 

Yield strength ≥ 350 MPa 400 MPa 

Tensile Strength ≥ 520 MPa 600 MPa 

Elongation  ≥ 30% 40% 

 

 

Figure 29. Schematic image of the experimental setup. 

 



First, the position of the laser beam was adjusted to avoid the reflection shift and position it 

in the middle. In order for a high-speed camera to capture the process, a filter at 808 nm was 

installed on it. After measurements using an infrared camera, it was found that the image 

corresponds to reflected light. This can be seen by looking at the resulting thermal image. 

 

First part 

For the first part of the experiment, it was decided to use a beam size of 0.4 mm in diameter 

and gradually increase the wire feed rate in increments of 0.5 m / min. Power was constant 

and was 2 kW. The exposure time of laser radiation is 5 seconds. Focal position 0 mm. Table 

9 shows the process parameters. The angle of the wire is measured from the horizontal 

surface. 

 

Table 9. Parameters of the first part of the experiment. 

Wire angle, degree Power, kW WFR, m/min Beam diameter, mm 

50 2 1 0.4 

1.5 

2 

2.5 

3 

 

Second part 

Further, it was decided to change the wire feed rate and the angle of inclination of the wire 

at constant values of power and time of laser impact on the wire. The beam diameter was 

increased to 0.76 mm. 

 

After each measurement, the plate was cooled to room temperature with compressed air to 

avoid перегрева, which could distort the appearance of the resulting spots. The parameters 

of the experiment are presented in Table 10. 

 



Table 10. Parameters of the second part of the experiment. 

Power, 

kW 
Angleº 

WFR, 

m/min 

Beam diameter, 

mm 

Focal 

position 

Laser 

time, s 

2 

30 

2 

0.76 +10 2 

3 

4 

40 

2 

3 

4 

45 

2 

3 

4 

50 

2 

3 

4 

60 

2 

3 

4 

 

Third part 

To estimate amount of power required to melt stainless steel wire, formula (1) was used: 

 

P = 𝜌 ∙ 𝑉𝑊𝑀 ∙ (𝑐 ∙ (𝑇𝑚 − 𝑇0) + 𝐿) (1) 

 

Where 𝜌 – material density, 𝑘𝑔/𝑚𝑚3; 𝑉𝑊𝑀 – weld metal volume, 𝑚𝑚3/𝑠; 𝑐 – specific heat 

of fusion, J/kgK; 𝑇𝑚 – melting temperature, K; 𝑇0 – room temperature, K; 𝐿 – latent heat of 

melting, J/kg. 

 

Thus, the minimum power required to melt the 316L stainless steel wire was calculated. This 

amounted to 837 W. 

 

Third part of the experiment, measurements were based on the change in the power and angle 

of inclination of the wire. The exposure time, beam diameter, focal position and wire feed 

rate remained unchanged. In Table 11 it can be seen the parameters related to the experiment. 



 

Table 11. Parameters of the third part of the experiment. 

Power, 

kW 
Angleº Laser time, s 

Beam diameter, 

mm 

Focal 

position, 

mm 

WFR, 

m/min 

1.0 

30 

5 0.76 +10 4 

40 

45 

50 

60 

1.2 

30 

40 

45 

50 

60 

1.4 

30 

40 

45 

50 

60 

1.6 

30 

40 

45 

50 

60 

1.8 

30 

40 

45 

50 

60 

 

Forth part 

 

After the reflection position was found, an experiment to measure the reflected power was 

carried out. To do this, it was necessary to modify the experimental setup and add a device 

for measuring energy. Installation is shown in Figure 30. 



 

Figure 30. Final experimental setup: 1 -  laser processing head, 2 - Compact Power 

Monitor CFM-F, 3 – stainless steel wire, 4 – wire feed nozzle, 5 - support structure for 

wire holder, 6 – support structure for the power detector. 

 

The detector was located on the basis of the position of the reflections obtained earlier in 

order to be able to record all the reflected energy. The supporting structure for the detector 

was made in the form of a slider in order to make it convenient to change its height. It also 

had a water cooling system. 

 

Laser power and wire feed angle were variable parameters, while wire feed rate, focal 

position, beam diameter, laser exposure time remained unchanged. Measurements were 

performed with powers that were determined to melt the wire. The parameters that appeared 

during this experiment are presented in Table 12. It took about 30 seconds to stabilize the 

detector. 



Table 12. Parameters for the fourth part of the experiment. 

Power, kW 1.2, 1.4, 1.6, 1.8, 2.0 

WFR, m/min 4 

Time of laser interaction, s ≈30 

Angle, degree 30, 40, 45, 50, 60 

Beam diameter, mm 0.76 

Focal position, mm +10 

 

5.4 Results 

First part 

When applying given parameters, a 2 mm thick stainless-steel plate was damaged. This 

happened because the beam diameter was very small (d = 0.4 mm), which led to an 

increasing of power density. It was also noticed that with an increase in the wire feed rate 

the reflection became stronger and as a result, at the value WFR = 3 m / min, the plate was 

damaged (see Figure 31). 

 

Figure 31. The damaged plate. Beam diameter 0.4 mm. 

 

 



Second part 

As a result of an increase in the wire feed rate, it was observed that the reflection shifts 

upwards. The device was limited to WFR up to 4.2 m /min, so values up to 4 m/min were 

used (see Figure 32). 

 

Third part 

As a result of the experiment, it was found that the power below 1.2 kW is insufficient to 

properly melt the wire. This is especially pronounced in the case of an angle of 45 degrees, 

where it can be seen that the wire has not practically changed its shape (see Figure 33). It is 

also seen that as the power increases, the droplet loses its spherical shape. 

 

Starting with a power of 1.2 kW, the wire was sufficiently melted, but with a power of 1.8–

2 kW, the drop became unstable and a large amount of spatter was observed (see Figure 34). 

Since the calculated effective power required for melting stainless steel wire was calculated 

as 0.837 kW, it can be assumed that a significant part of the power goes into reflection. 

 

Fourth part 

Table 13 shows the experimental results obtained from measurements of the reflected power. 

Several series of experiments were carried out as a result of which averaged values were 

selected. 

 



 

Figure 32. Thermal images of the second part of the experiment, made using an infrared 

camera. 

 

Figure 33. Thermal images of the third part of the experiment, made using an infrared 

camera. 



 

Figure 34. High speed images of the third part of the experiment. 

 

Table 13. Variable parameters for the fourth part of the experiment. 

          Angle, degree 

Power, W 
30 40 45 50 60 

1200 420 396 410 420 305 

1400 382 440 375 380 310 

1600 383 490 370 350 370 

1800 460 588 255 375 406 

2000 540 690 460 440 420 

 

In order to verify the correct location of the detector, a thermo camera was used, showing 

the position of the spot. Table 14 shows the percentage of the reflected power relative to the 

input. 



Table 14. Reflected Power Percentage. 

       Angle, degree 

Power, W 
30 40 45 50 60 

1200 35% 33% 34% 35% 25% 

1400 27% 31% 27% 27% 22% 

1600 24% 31% 23% 22% 23% 

1800 25% 30% 14% 21% 22% 

2000 27% 29% 23% 22% 21% 

 

5.5 Analysis of the results 

According to the results, too small beam diameter increases the power density, which can 

lead to increased reflection. This confirmed damage to the plate that was used to determine 

the position of the reflection. After increasing the beam diameter to 0.76, the experiments 

were successful. The focal length also influenced the results. To prevent excessive reflection, 

it was increased from 0 mm to +10 mm. 

 

The wire feed rate affects the position of the reflection. It was found that when this parameter 

was increased, the reflection shifted upwards. For most experiments, WFR = 4 m/min was 

chosen as the highest value allowed by the wire feed system. It was also found that in order 

to melt the stainless steel wire there is not enough calculated effective power, which may 

indicate that a significant part of the energy goes into reflection, since the wire began to melt 

good enough starting from P=1.2 W. 

 

The angle of inclination also affects the amount of the reflection. Figure 35 shows the 

dependence of the spot area on the wire feed angle and power. It can be seen that the spot 

area takes the smallest values at tilt angle of 60º. Thus, the smallest reflection can be 

achieved at given values of power and angle of inclination. With a power of 2kW, the area 

increases significantly, especially at an angle of 30º. This suggests that with these 

parameters, the reflection reaches the highest values.  



 

Figure 35. Approximate plot of the reflected area from the input power and the angle of 

wire feed. 

 

According to the measurements, the percentage of reflected power decreases with increasing 

power at a constant value of the wire feed rate. This is because at high power the temperature 

rises and the reflection coefficient decreases. Figure 36 shows the approximated data 

showing a declining trend. Angles also influence the resulting power. It was found that at a 

wire feed angle of 60º, the smallest area of reflected power and its quantity were achieved. 

In general, it can be said that the percentage of reflected power is about 30% of the input 

power and in this experiment could reach a value of up to 35%. 



 

Figure 36. Approximating graph of reflected power on wire feed angle and input power. 

  



6 CONCLUSIONS 

This study was devoted to the investigation of the reflection phenomena in the process of 

direct energy deposition. The first chapter described the DED process and its principles of 

operation. The differences in the use of powder and wire as filler material were considered. 

According to the analysis, powder-based DED is most popular both among researchers and 

in production.  

 

Despite the fact that the wire has some disadvantages, such as lack of dimensional resolution, 

so the values of the thickness and width of the layer reach low values and the complexity of 

processing, its use is more effective in comparison with the powder. Also, manufacturers 

offer a wide range of materials and chemical composition of wires, which expands the 

possibilities of surfacing. It is easy to store and produce wire and it gives high values of high 

deposition rate. Also an innovative solutions and progress in laser and process component 

developments promote the interest. 

 

Further, the principles were considered which should be based on the choice of wire material. 

It may have a different chemical composition, which may affect the mechanical properties 

of the part. The use of wire can also lead to defects in the part, for example, porosity, lack 

of fusion. But there are ways to prevent or minimize them and this has been considered. For 

the implementation of the process of direct energy deposition different lasers can be used, 

but the fiber laser is the most promising, since it is characterized by such properties as high 

efficiency and power, excellent beam quality and the small size makes it more mobile. 

 

According to the analysis of the literature, it can be concluded that additive production and 

direct energy deposition, in particular, is a very promising technology that is already used 

for the manufacture of functional parts of machines, space rockets, ships and is actively used 

for prototyping. With the development of technology, there are more opportunities to use 

this technology, so it is important to continue research in this area. Several challenges related 

to the process were considered that are difficult to overcome now of technology 



development. Among them are residual stresses that are difficult to control, accuracy and 

surface finish.  

 

To obtain qualitative results, it is necessary to carefully control the main parameters of the 

process, such as laser power, wire feed rate, process speed, wire feed angle and position. 

Insufficient control of these parameters can lead to residual stresses, undesirable reflection 

of the beam from the wire, lack of penetration, poor mixing and penetration, and other 

defects. Studies addressing the unconditional influence of process parameters on the 

resulting weld, its geometric features, mechanical properties, and other characteristics were 

analyzed. 

 

The experimental part of the work was to determine the amount of energy that is reflected at 

various process parameters. According to the results obtained, the following conclusions can 

be drawn: 

• The laser beam is reflected from the surface of the filler wire during melting. With incorrect 

wire feeding parameters, these reflections from the wire can cause instability and 

unacceptable quality of the deposited layer; 

• When using filler wire directed at an angle of 60 ° to the horizontal plane, the efficiency is 

up to 10% higher than at other angles, because the radiation is reflected from a surface with 

a smaller area; 

• About 30-35% of the energy is reflected in the medium during the deposition process. 

When using the parameters P = 1.8 kW, ∠60 °, v = 4 m / min, the reflected power can be 

reduced to 20%; 

• The proportion of the beam reflected from the wire increases with increasing filing wire 

feed speed, decreasing laser power. This is due to the fact that at high powers the surface 

heats up more, which leads to a decrease in the reflection coefficient. 

• Wire feed speed affects the position and shape of the reflected energy. It was observed that 

the reflected spot moves in upwards with increasing WFR.  



Thus, the dependencies found allow to control the power loss, which reduces the efficiency 

of the process. Further studies can be directed to studies of the dependence of the reflected 

power on the wire feed rate, since it was already established in the study of [43] with a CO2 

laser that the fraction of the reflected energy increases with increasing wire feed speed. But 

the equipment used in this study did not allow to raise the level above 4.2 m / min.   
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