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Selective laser melting is the additive manufacturing process for metallic materials. This
technology is the mechanism of the layer by layer building object. The main application areas
of this technology are part of a complex shape and specific features. The robustness of the
process will increase by online control of the process.
The framework of this research consists of two systems: a real time monitoring of melt pool
and an impact of the energy density on the different parameters of the sample building.
Energy density is the key factor in the selective laser melting. In this thesis the effect of the
energy density on the production and process of selective laser melting are studied.
This study is based on the investigation of the real-time monitoring in the selective laser
melting. It includes the basic theories and definitions about the selective laser melting
mechanism and the interaction of laser beam and material in additive manufacturing. Thus, it
is  really  important  to  monitor  the  process  in  real  time  to  find  the  defects  and  all  the
imperfections during the process.
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LIST OF SYMBOLS AND ABBERVIATIOBS
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1 INTRODUCTION

Generally, additive manufacturing contains a variety of technologies which can build one
physical part. The combination of the different processing systems into the AM machines will
bring the technology into the wide world of manufacturing. The laser system, monitoring
system, the AM working conditions, involve the material and mechanism visions witch are
important  to  be  discussed.  That  is  why  in  this  study,  the  different  scientific  theories  and
engineering parts are studied together.
The additive manufacturing process is the technology which design a unique part of a sample
by using the laser techniques. In this technology, according to the geographic aspect of a
sample, the final part will be produced. Selective laser melting is kind of technology which, by
following the geometrical pattern of the 3D model, allow the machine to produce the complete
object, layer by layer.
In the additive manufacturing machines, production is based on the interaction of the laser
beam with the raw material which is typically in a form of powder. It is essential to understand
the whole additive manufacturing sequence. At the beginning of this study, there is an
explanation of the AM machines and SLM technologies, then my monitoring experiments and
finally, my observation of the process according to different parameters values.

1.1 Fundamentals of laser
A basic definition of the laser comes from its meaning: Light Amplification by Simulated
Emission Radiation. Because of the unique properties of the laser beam, it can be used for
many application. Today, laser plays a very important role in our life. Its properties are
several: monochromatic (in case of a CW-laser), narrow spectral band (in case of a pulsed
laser, excluding the ultrashort pulse lasers) and high temporal coherence.
Narrow spectral means the two different widths of the light, when they radiate as a light of the
lamp and the light of the laser. The spectral lamp the width of the radiation can be as low as
0.1Å or 10GHz. But in case a CW-laser, the spectral bandwidth can range from 1 Hz to 1 Hz.
But when we come to the laser, the light is extremely narrow from Hz to µHz.
The figure 1 and 2 show the different width between the laser light and the lamp light.

Figure 1. Width of the laser light and lamp light [1]
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Figure 2. Form of the frequency of laser and lamp light emitted [1]

In the consideration of the atom energy in level E2 and E2, when atoms interact with the light
with the frequency which it comes from the: h =E2-E1, atom will excite from the first level to
the higher level, and in the highest level, atom feel to come back to the level that it had, while
it coming back, it emits the light.
The intensity of the beam laser is obtained from the equation: P/A. P is the power of the source
(laser) and A is the area which the laser will radiate in. The energy density is equal to the energy
density/volume. This energy density is a combination of the electricity and magnetic energy.
Beam leaves the laser and after second beam will be in the distance which is multiplied by the
speed of the light. Another important factor is the cross-section area which beam of the laser
leaves and reflect on it. Totally the intensity and the energy of the laser has the proportional
directly relation together [1].

Energy of the photon has the constant relation with the frequency. In addition to this about the
speed of light which is related to the wavelength and the frequency. Therefore, the energy of
the photon related to the speed of the light which include the photons inside and the wavelength
of the light. We imagine that we have the laser with the specific laser energy and the beam
comes out from the laser. Thereby, this laser beam includes hundreds of photons. Therefore, it
calculable to know the energy of each photons according to the energy of the laser beam which
divided together. Therefore, we will have the number of the photons in this laser energy.
The first characteristic of the laser beam is: monochromatic. Which is from the short
wavelength ultraviolet, the visible light and the long wavelength. Laser beam has different
mode of the operation as below:

- continues wave
- single mode
- quasi continues wave
- gain switched
- Q switched
- mode locked
- Q switched mode locked
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Continues wave (CW) means the operation of laser which in this condition laser is pumping
continues and emitting light continually [1].

1.2  Laser Welding
Laser welding is the process with the high welding speed and low energy input. This process
is the newer technology of the welding rather than the old version which was arc welding. In
this process, the low input energy into the metal can face with some errors and imperfection
such as porosity, splashing and humping. The other characteristic which effect the process
would be beam diameter. In beam diameter in welding process it would be some imperfections.
Also, laser welding needs the high-power density. The range of the power intensity is 5×104

W/cm2 to 107 W/cm2. The typical lasers for welding are e.g. the solid-state laser Yb: glass-
fiber. The light is the laser directed into the material and after absorption by the material the
surface will melt. The estimation of the absorption of the laser by material surface is usually
less than 30% [2]

Figure 3. Laser beam schematic into the keyhole and melt pool [2]

1.3 Laser additive manufacturing (LAM)
In AM machine the laser function and the optical system have really important role. The part
of the machine could be the most effective part in the process and the final result. Therefore, it
is necessary to find out the parameters and different classification which are involved in this
system. Indeed, finding out and studying on these characteristic of laser in AM machine will
give the best and the most appropriate result and answer of the final procedure.

First of all the most important parameters of laser classified as, energy density, laser power ,
scan spacing, laser beam and scanning head. Energy density in AM has its own specification.
Energy density is the energy which influenced by laser power, the speed of scan, the hatch
distance and thickness of the powder on the bed. Equation below describes the formula between
these parameters.
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=
. .

                                                                                  (1.3.1)

Power of laser (P) is the amount of the energy which is brought into the process. And the unit
is Watt. Hatch distance h is the distance between the lines of the vectors which are in the
adjustment in parallel lines.

There are two classifications of the laser types; gas and solid state lasers an example of gas
laser is carbon dioxide (CO2) laser and example of solid state laser is fiber laser. Due to the
shorter wavelength fiber laser  has better absorption into metallic material and its beam can be
transferred through the optical fiber. The fiber laser is only laser type used currently in AM
powder bead fusion machines.[3]. Moreover, for building sample there are two scan strategy
such  as  ‘island’  and  ‘back  and  forth’  strategy  sample.  The  island  strategy  is  when  in  the
building the slice of build become into the two dimensional square forming. There is scan
vectors in each layers with the spacing between them which it is called ,scan spacing. These
scans spacing are in the parallel neighboring. The laser beam spot starts to melt the island or
spacing squares according to the vector scan which is called scan speed. Back and forth also is
used to the scanning of the width 10mm*10mm cross section. Below  the figure 4 shows the
island scanning schematic [4].

Figure 4.Island scanning schematic [4]

In the scan strategy the inter layers are preferred. As in the figure 5 below shows, both inter
and conventional scanning strategy, it is obvious that in convention scanning the neighboring
tracks are not arranged. Moreover, the layer continuity are depend on the overlapping of tracks.
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Figure 5. a) Convention scanning strategy, b) inter-layer stagger scanning strategy [5]

The neighboring tracks always are arranged in the scanning path in certain distance. Track in
‘n’ layer will overlap with the next tracks in layer ‘n+1’. Thus, zones between the adjusting
layers will fill the layers in ‘n+1’ layers. Therefore, these zones would be a kind of the portion
of the overlapping [5].

The factor in the laser in AM machine which would shows the accuracy and non-accuracy in
the process and mechanism of working is: focal spot. The diameter of the focal spot variation
can effect on the energy density and it can show result of some defects and errors
In AM machines only fiber laser with wavelenght of 1070 nm is used.  This is due to better
absorption and beam quality. Figure 6 shows the physical structure of the fiber laser.

Figure 6. Fiber laser side view(Lecture presentation)
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As it was mentioned before about the importance of the focal diameter, here there are some
theoretical explanation about the focal diameter and the beam transfer.  Focal diameter is
explained by the equation below:

                                                       S= .f.M2.k/d                                                              (1.3.2)
Where   is  the  wavelength,  f  is  the  focal  point  and  M2 is  the  beam  quality,  K=1/M2 the
correction factor and d is the beam diameter.

Other important point of AM machine is the mechanical system. Two most useful theory about
the working process of the mechanical part of the AM machine is about the chamber and
elevating system and the other would be a powder feeding bed.

The purpose of the build chamber firstly, is isolate the build from its surrounding. Indeed, it
would have the isolation to the laser beam inside of the chamber and retain powder inside the
chamber. Secondly, the build chamber houses includes powder dispensing system, recoated,
scanner, gas circulation system, monitoring system, built platform and elevating system.

Build platform is the place which the the part  is  built.  When the designed object is  built  by
melting with laser, its located on the build platform. Therefore, as AM machine is the layer by
layer fusing and melting process, after fusing each layer first on the build platform and then on
previous layer, it need the lowering movement of  the platform and recoat again with powder
and the repetition process will continue. Appendix 5 shows the Sinter-station of the scanner
optics with build platform, recoated and powder card ridge. As figures 7 illustrates, there are
two different kind of powder feeding.

Figure 7. Two different powder feeding(lecture presenation)
In this research the basic opinion is the monitoring the real time of laser function in AM
machine. More precisely, using the fabrication of the laser system with the different effective
parameters to the machine function could make the different observation as a result in the final
part. The point is according to this research, I could find out and extract the defects, errors and
the good point of working in real time while machine was working and do this process.
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The basic aim of this thesis is based on the control real time laser monitoring during the AM
machine process. This purpose is divided into some different parts and from these parts the
variation of the results drive this research to the appropriate knowledge and conclusion related
to the desires.

The aim of this research is the investigation of the effective characteristic and diversity features
related to the process and all belongs the process working. Thus, due to achieve the best
conclusion and decision some different parts got involved into this research.
Indeed, the research perspective is to obtain the results and conclusion which as the vast
analytical points to study. In this research the aim is investigation the impact of parameters
variation on the laser working AM machine process.

Therefore, firstly the machine and the optical characteristic contain monitoring, cameras,
camera adopteradapter, illumination system, and laser system into the machine which the
specification, contribute to design the research as in the next chapters will be explained by
details and discuss the analysis and conclusion.

2 Additive Manufacturing Machine
Additive manufacturing (AM), (or 3D printing) makes huge revolution in the world of the
industry and manufacturing. The basis work process of all the AM machines is building the
unique object from the computer technology layer by layer. The object which is the 3D
computer data is prepared by CAD software. This 3D CAD make the object into the 3D stereo-
lithography (STL) which can start the process of the AM machine by making the layer by layer
according to this STL file. AM machine will follow this 3D STL geometry to obtain the whole
entire object will be completed [6].

The basic structure of AM machines include: powder bed platform, powder recoater which
recoating the powder after each layer and powder feeder which are the mechanicals parts of the
machine. Moreover there are optical section of machine which include: scanner, laser, beam
guiding optics. For metals printing the laser based AM machines are typically Selective Laser
melting (SLM).or Laser Metal Deposition, LMD[7].

2.1 History Development
One of the first European system of additive manufacturing machine which was launched this
system was EOS GmbH Electro optical system in 1994. By 1995, the first popular machine to
manufacturing  from  the  direct  metal  laser  sintering  was  the  EOSINT  M  250  model.  The
technology utilized was powder bead fusion or selective laser sintering. Nowadays all of these
machines are working in Selective Laser Melting, SLM, principle.
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Moreover, in 1997, the AeroMet Company found the development in Laser Additive
Manufacturing (LAM) which it is used by the different powders liketitanium alloys and high
power laser at that time.  This technology is typically called Laser Metal Deposition, LMD. In
has been evolved from laser claddin which was developed late 1980’s. In addition, by 1997,
Optomec introduced their first commercial AM machine which now this system has the
installation in mostly 15 countries.  Furthermore, the technology of Laser Engineering Net
Shaping (LENS) developed by Sandia National Laboratories [9]. This thesis do not deal with
this technology.

2.2 Applications and Technologies
There are several application in the AM technologies. These application have high potential
role in the manufacturing and industry these days. For example: aerospace, automobile,
biomedical, electrical and other fields [9].

Aerospace industry: Because of the complicated form of the components in aerospace,
the material which are used in it are more in advance such as, nickel, titanium, steel and
ceramic. These days they are really costly and also consume long time for
manufacturing. The most popular component in aerospace which has more focus to
manufacture in AM technologies include, jet engine and turbine engine cases, engine
blades, vanes and etc. Figure 8 below shows the two example of the aerospace
manufacturing [9].

Figure 8. Example of turbine blade and blade integrated [9]
Automotive Industry: this industry has been used the AM technology mostly for tools
in the automotive part and structural components. The example as it shows in figure 9
such  as  drive  shafts,  oil  pump  housing  production,  race  car  gearbox,  drive  shaft  for
vehicles [9].
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Figure 9. Automotive industry component in AM manufacturing [9]
Biomedical: AM technologies these days are mostly consists into the biomaterials,
biomedicine and biologic science. Partly in biomedicine field there are some products
as orthopedic implants, dental application, artificial organs, tissue scaffolds, bio
printing, which are used with high potential and important role in the technology and
science these days [9].
Electronic Industry: figure 10 shows the operating circuit which is built by fused
deposition method [9]. In electronic field the application these days such as Embedding
Radio Frequency Identification (RFID), polymer based 3D microelectromechanical,
microwave circuits are used to use the AM technologies.

Figure 10. Electrical circuit by AM technology [9]
AM in art:  these days from design to fashion and cinema art  and most of the artistic
point, it is popular to make a combination of the Art and Science in the field of the AM
manufacturing and technology. Figure 11 shows the example picture of the usage of art
in this field of technology [9].
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Figure 11. AM technology in art [9]

2.3    Selective Laser melting
SLM is the one process used for metal AM machines because of having the high energy density
and high power enables to fuse the metal to form solid components [10]. In SLM the powder
get melted and fused according to the CAD format which follows as a pattern. In one layer
laser will fuse the schematic geographic and after recoating next layer and repetition of the
process lead the machine for entirely building the object.

The technology of SLM in AM machines at  first  developed by M. Fockele,  W. Meiners,  K.
Wissenbach and G. Andres from the Stereolithographietechnik GmbH, Fraunhofer ILT
respectively[11]. SLM the high power laser beam causes to the melting from the interaction of
the laser beam and the material which is for example powder. SLM has some several steps in
its process. Firstly the CAD model with the STL file format will be made ready for the machine
to follow. After a thin layer of the powder coat on the platform in the building chamber and the
after the preheated powder platform, the laser with the high density is used to melt selected
areas according to the data and the process of the pattern. Once the first layer part it is finished,
the platform is lowered and new layer of powder is recoated on the previous layer. And the
process will get completed like the repetition its technique. Mostly, in SLM process the
chamber is filled with the Nitrogen or Argon gas. Therefore, these gases provide the stationary
atmosphere inside the building chamber to protect the contrasting between reheated metal and
oxidation [11].

Figure 14 illustrates the overview of the mechanism and schematic of the SLM process.
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Figure 12. Schematic of SLM process [12]

Figure  15  shows  how  layer  by  layer  according  to  the  CAD  pattern  and  laser  melting  the
completed object is got ready.

Figure 1. Control in SLM. i. The laser melting on the designed CAD. ii. Once layers by layers
done and this process is repeated. iii. Loose powder removed and the complete object [12]

Laser beam density is the most effective parameters in the SLM process. For the specific energy
density between (60-75 J/mm3) there would be more potential to the density of the SLM process
to become increased. Low energy density 3.2 J/mm3 is not allowed the bonding between the
particles. The range of 3.3-10 J/mm3 densities is not able to produce the liquid phase between
the  inner  bonding  of  the  particle.  Higher  energy  density  with  the  range  of  12-30  J/mm3 is
directly related to the higher powder bed temperature and lower viscosity of the melt pool the
highest density something above 30 J/mm3 is caused the balling effect and the unstable melting
track. The porosity variation is caused by the variation in energy density. With the higher
energy density, the porosity will be lower. As we have from the equation 1.3.1 the energy



17

density variation depends on the different value such as laser power, layer thickness, hatch
distance and scan speed. Figure 16 below shows the relation between porosity and energy
density in variation range of energy density [13]. Moreover, from some studies, according to
the equation [13] below Q is the energy which is necessary to melt the material.

                                                  Q =  cp (Tm-T0) +  Lf (2.3)

Here  is the density of bulk material, cp specific heat, Tm melting point, T0 initial temperature,
Lf latent heat fusion.
For the specific energy density between (60-75 J/mm3) there would be more potential to the
density of the SLM process to become increased.

Figure 16. Energy density and porosity changes affection [14]
High energy density such as 30 J/mm3 or more leads to the balling effect. Balling effect occurs
when tension is existing and this tension will form the shape like round. Therefore, the process
with the combination of parameters which lead to the low energy density is not really good for
SLM process [14].

When balling effect starts, tracks become irregular with great variation in geometric
characteristics. Fragmentation of tracks is the result of this balling effect, a feature of the tracks
depends on laser beam power and scanning speed and also layer thickness, which will be
discussed later. Therefore, by increasing the energy density sintering temperature and the
amount of liquid phase will increase. Thus, it will affect to the viscosity of the melt pool also.
Because the result of the lower melt viscosity is the heat temperature. All in all, they cause the
balling effect in the SLM process [15]. The temperature of the powder bed and the viscosity of
molten pool have related to the energy density. Generally, the range of 12 J/mm3 to less than
30 J/mm3 increases the temperature of the powder bed in another hand, it will reduce the
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viscosity of the melt pool. Moreover, at lower scan speed the temperature of the melt pool and
the volume of the melt pool is higher. In the higher temperature, the surface tension and
viscosity on melt pool increase. Thereby, this surface tension will break the melt pool. By
increasing the laser power, the melt pool volume increase and inversely viscosity will decrease
[16]

In addition, the change in oxygen content causes the surface tension in the melt pool. Thereby,
this oxygen content develops the thermal gradient which effect of the center and edge of the
molten pool the shape of the melt pool changes with a low oxygen content in the wide scan
track. However, narrow shape change of melt pool is the result of the high oxygen content [15].
Hatch distance is also having an impact on the shape of the melt pool. Generally, hatch distance
will investigate the fraction the melt pool dimension. Each hatch distance related to laser beam
power and scan speed combination. All the surface of the overlapping layers will show the
morphology which ensures a fully dense. However, hatch distance considers to select because
of the overlapping between tracks [14].

According to the energy density, the further look is the division of the parameters involved the
energy density and their individual effect on the SLM process and the melt pool. Indeed, low
energy input resulted in low laser beam power a high scan speed. Moreover, the low energy
input will effect on the surface melting. Scan speed and laser beam power effect on the porosity.
The laser beam power and scan speed are together involved into the effect on the porosity in
melt pool. With raising the energy density porosity will decrease [13].
High laser power and low scan speed are caused the larger melt pool. Pores will be in the melt
pool with key holes in the high-energy density. Lower laser power and higher scan speed
impact is the less energy penetration into the powder. Therefore, melt pool will form like round
above the cross-section plate. It is called the balling phenomena. The balling effect is shown in
figure [17].

Figure 17. Balling and keyhole geometries in melt pool [17]
Moreover, laser power and scan speed have really important role in the shape the melt pool.
With the changes in them, the geometric shape of the melt pool will be affected by this. Laser



19

power is defined by temperature gradient. The scan speed is the feature which can effect in the
way of interaction between the laser beam and the powder on the platform. So, it is observed
that increasing the laser beam power is leads to the deeper penetration. Moreover, with
decreasing the power, keyholes are observed. In addition, with decreasing the scan speed is
investigated the deep molten pool. Therefore, the width of the depth penetration is returned to
decrease of scan speed increase. Also, due to the irregularities in the powder layer on the
substrate, the variety in height of track is higher. In the high laser beam power, and scan speed
is observed the humping effect.

As figure 18 below illustrates bare powder will appeared on the both of the track. That is why
the width of the powder when it is con-solidification is more that when it is fabricated track
[15].

Figure 18. Image of the relation of powder and width of melt pool [15]

The width of the melt pool by increasing the scanning speed will decrease. The depth of the
melt  pool  and  the  variation  of  this  depend on  the  track  location.  The  lower  scan  speed  will
cause grow in the melt pool depth. Also, the heating value of the track scanning will effect on
the rise into the melt pool depth [18].

2.4 Additive manufacturing with Selective laser melting

In this research, the focus is on the SLM technique in the AM machine. In this technology,
there are different parameters and characteristic which can be effective to the whole work of
the machine and the result as the object which it will be built. According to different studies
today’s SLM is the one of the most powerful AM technology in the manufacturing. Different
subjects and concepts to make the better work and create new novelty will be effective and
practical for future of this mechanism.
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Study of T. Akinlabi et al [19], based on the creating melt pool by laser on the surface substrate
Ti6AI4V powder. The laser power is set to 1.8 and 3 (kW) with scan speeding between 0.05
and 0.1 (m/s). The laser beam focal point distance was maintained at 195 mm with the position
of above the substrate with the laser beam constant diameter of 2 mm. The study showed that
once laser power is increased the micro hardness of material melted is decreased. They
observed this strong interaction between the scan speed and the laser power. Therefore, a
decrease in micro hardness was found in the lower scan speed [19].

It was shown in the study of I. Yadroitsev et al [20],  that there are different influences with
changing parameters in the single track process. They use the powder SS grade 904L and they
observed the impact of different parameters, but the most effective parameter is laser power
which was the value of 25, 37.5, 50 W, the powder thickness which increased by 60, 90, 120
µm  and  the  scan  speed  0.5,  0.10,  0.15  m/s.  They  believed  that  SLM  is  the  most  suitable
technique for the surface structuring. After some other result with the different parameters, they
observed the most stable track and small penetration into the substrate .They studied that high
scan speed and high laser power lead to the balling effect. Whatever the penetration was
increased with increase in power. Furthermore, in the study of the thickness, by increasing the
layer thickness the tempreture will increse which it causes the sintering kinetic [20].

According to GU et al  [21],  the effect  of the SLM techniques on the powder  GP1 17-4PH,
which is gas atomised in an atmosphere of the nitrogen, was studied. The varying of parameters
such as laser power, scan speed, hatch distance, layer thickness are led to the observation in
porosity measurements. Indeed, low laser power and scan speed lead to the higher porosity.
The figure 19 below is the best  result  of this study and the effect  of the combination of the
different value of scan speed and power to the porosity. Therefore, porosity and density values
correspond to each other, with varying energy densities, parts get mostly dense with very low
porosity, the maximum porosity being 4% with energy density in the range of 44-81 J/mm3.
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Figure19. Porosity with different parameters [21]

Low energy density with higher laser power and speed scanning cause the smaller pore size.
Moreover, in the very high scan speed track may show the discontinuity. This error results from
the balling effect. In addition, the high scan speed brings more shear stress to the liquid phase
and it contributes to having the more porosity [21].

Clijsters et al [22], captured the data due to find the real time errors and also the estimation
quality of different parts. By using the different sensors such as a photodiode and a near infrared
thermal CMOS camera, melt pool of the SLM process is monitored and logged. Therefore, by
using experimental data the correction of the situ quality control was testing and the result of
the different parts Ti6AI4V, AISi10Mg, Nitinol show the really good different between defects
and what it observed in-situ quality control [22].

Mumtaz and Hopkinson [23] studiedthe Heat Affect Zone (HAZ) on the melt pool. How much
heat will transfer to the melt pool in order to recognize the surface roughness of the melt pool
[23]. HAZ is the area which is near the weld metal and is effected by the temperature passing
throuhg during the process. They tested the use of the different pulse lasers. Therefore, in
observation of the variety in laser pulses they achieve that the pulse shapes vary the energy of
laser beam. Indeed, it corresponds with the heat input and this laser beam allows the
improvement in the use of standard rectangle pulses [23].

Chivel and Smurov studied on the process monitoring of the temperature measurement
distribution in SLS and SLM machines [24]. The image processing done with the video camera
and the temperature of surface with maximum control by using  high speed of the beam pulses
and observation the high range of the porosity.  These two wavelengthes are in the range of
900-1700 nm with time resolution and spatial resolution of 50µs and 50µm, respectively. In
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this study is was observed with wavelength pyrometer that the fluctuation of the temperature
of  100K  cause the enabling of melting on the surface of the melt pool [24].

According to the study of Hu and Kovacevic[25], the control of the laser beam melting in
additive manufacturing effected on the thermal variation and by the different observation
effected on the geometric characteristic on the molten pool. Thereby, this will effect on the
cooling process of the melt pool. According to the research, the variation of the maximum
temperature is in the range of 1785-1788 K. The shape of the melt pool and the depth in which
is fused are constantly unchanged while the laser beam melting is controlled in a closed loop.
However, the cooling condition of melt pool according to the geometric feature of the single
bed wall is varied. These cooling features are affected by the height of the wall and the substrate
temperature. Thereby, the variation of temperature on the surface of the molten pool is resulted
by variety on the depth and shape of the molten pool. The cooling point on the edge of the melt
pool is less than when it is in the solidification state. Moreover, the average temperature
increase with the increase of the molten pool depth and length. When the width of molten pool
constant the velocity variation in traverse and cooling rate influence together with proportional
relationship. However, with the decrease of the width of molten pool, the cooling rate will be
increased [25].

Sehrt et al. studied various parameters which can affect in the process of the interaction between
laser beam and powder [26]. Parameters such as hatch distance, scan speed, laser power, layer
thickness.  In this study the layer thickness at  the first  is  set  by 20 µm and hatch distance of
300µm. Laser power and scan speed was varied in the range of 60-195W and 500-1200mm/s,
respectively. As a result, with low energy input, high porosity level is achieved and with raising
the energy input the porosity was decreased. Whenever the scan speed was decreased the
energy input increased, proportionally. Because the speed is the parameter which change the
energy input. Hatch distance changed in the range between 300 and 150 µm in order to change
the porosity. Figure 20 below show the porosity as a function of the hatch distance [26].

Figure 20. Porosity and hatch distance variation. [26]
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According to Su and Yang  [27], the study of effect from the lase power and scan speed on the
overlapping track is observed. It is deduced that the overlapping in track in the neighbor areas
is caused by concentration of the energy at the center of the track. From this study it is extracted
that overlapping has two parts: intra overlapping between the adjust tracks in the same layers
and inter layer overlapping which is between tracks in the neighbor layers. These overlappings
cause the metallurgical entity continually.

Intra overlapping

                                                                    Fs= s/D                                                         (2.4.1)

Inter overlapping:

                                                                    Fh= h/H                                                        (2.4.2)

Where D and H are width and depth of the track overlapping, respectively.

Thus, impact on the production of the different fabrication quality is the energy input
fluctuation in corporation with track space and layer thickness. For example, the experimental
in this research was with the parameters with the value of laser power 150W, scan speed
300mm/s and layer thickness 0.035 mm with hatch distance in different rage like: 0.06, 0.1,
0.16, 0.2 (mm). As a result, as energy input in the time unit is unchanged when the laser power
and scan speed are constant. Without any energy loss, the absorption of energy per area increase
with the declining in the hatch distance. Therefore, the intra overlapping is larger, than inter
overlapping regime and therefore powder on the platform will be melted [27].

According to Yadroisev and Smurov [28], the increase in scan speed is corresponding with
high balling effect. For providing the additional stability zone, the good point is to measuring
of penetration into substrate. They started to analyze the SLM machine with the parameters of
hatch distance 50µm, laser power 50W and speed scan 0.13m/s. They tested tensile strength
properties in two different direction. According to the scan speed interaction on surface tensile
strength tests showed the yield strength and tensile strength in the SLM technology for both
direction  is  equal.  Therefore,  it  indicated  between both  of  them in  row layers  which  do  not
really effective to the procedure.  Lewise et al. for Ti6AI4V found the same results with the
elongation approximately 6%. However, in the vertical one there was the observation of some
defects caused by thermal stress. Normally, while the workpiece is heated and cooled down,
these thermal stresses occurred. These effects as figure 21 shows, lead to the porous [28].
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Figure 21. SLM photo of feature of the surface morphology [28]

Verhaeghe  et  al  [29],  Studied  the  microstructure  of  Ti-6Al-4V built  by  SLM process.  They
started with the reference sample and after that they continued with other samples. Firstly they
started with the variation of the energy density and the impact on hatch distance and scan speed,
and after the influence from scan speed. Energy density in SLM comes from the equation 1.3.1.

=                                                                     (1.3.1)

In equation 1.3.1, P is the laser power, v is scan speed, h is hatch distance and t is the layer
thickness. These parameters always related to each other by this equation. So in their research
they  did  experiment  on  different  parameters  and  start  to  make  the  cube  and  after  did  the
microstructure of them. On the layer of the Ti-6Al-4V substrate. According to the table 3 below
they start to change the parameters in their scan strategies.

Table 1. .Parameters variation from [29]

A B C D E F H
Scan strategy Zz Zz zz Uni Zz Zz Cross

Power(W) 42 42 42 42 42 42 42

Scan speed (mm s-

1) 200 200 200 200 100 50 200

Hatch distance
(µm) 75 50 100 75 75 75 75

Layer thickness
(µm) 30 30 30 30 30 30 30

Energy density
(E) 93 140 71 93 187 373 93
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The definition of the energy density is the average energy which is applied on the material
during laser melting. Therefore, the effect of the energy density in this research was on only
hatch distance and the scan speed. Technically, with changing the energy density the scan speed
influenced the energy density. When all the parameters were constant, changing the scan speed
increased proportionally energy density. Moreover, in one of the sample with 75 µm hatch
distance, the track space was also 75µm, however in other sample again the hatch distance
applied by 75µm, but the track space becomes 62 µm. The reason is for elongated melt pool is
not that stable when scan speed is low. Thereby, this instability is caused by melt pool
hydrodynamic. This hydrodynamic of melt pool will be more sensitive and more important for
observations during SLM in low scan speed. In addition, the variation of the hatch distance is
led to variation in energy density by getting influenced by overlapping between two adjusts
scan vectors [29].

According to Yadroitsev et al [30], the experience is based on the impact from the different
values on the SLM process. They started the experiment with the equipment such as fiber laser
with the power of 50W and the wavelength 1075nm with laser beam spot approximately 70µm.
The  minimum layer  thickness  on  the  platform was  5µm.  According  to  them,  the  melting  of
powder would be different according to how close it is to the substrate and far away. It leads
to how much energy will be lost because of the far and close of melting to substrate. At the
end, they recognized that not only the powder in the laser irradiation zone is important but also
the powder from neighboring area would be effective to the substrate. Secondly, they did
experiment with the ratio of P/V, where P is laser beam power and V is the speed of scanning.
From the different values observation till the result of the impact from the P/V to the energy
input, they understood that the sufficient growth value of the P/V is led to larger area melting.
The good quality is reached by P=50W, v=0.1-0.18m/s and P=25W, v =0.06-0.09m/s, thereby,

270-420 s/m or 270-420J/m [30].

In addition, from the effect of the laser irradiation on the single vector, they did research and
as a result they understood that with raising the layer thickness, the scan speed should be
decreased. It is explained by the diminishing the heat transfer losses into the substrate which
influence on the thermal physics characteristic of the singe vector dimension [30].

Sing et al [31], studied on the experiment with the mix of the Titanium and Tantalum in SLM
process machine and also influence of some important factors with the powder mixture.
Titanium and Tantalum are both atomized. There is special shape for both of the materials by
which they were able to observe it after and before the process. Titanium has a spherical shape
with particle size of 43.5µm however Tantalum has an irregular shape with particular size
44µm. They did mix in a ratio 1:1 spun at ratio 60rpm. Figure 22 illustrates the interesting
picture of the shape of the TiTu (Titanium and Tantalum) [31].
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Figure22. Image of a) Titanium powder) Tantalum powder [31]

After the first experiment they found out the interesting results. Firstly, they started with chosen
parameters. The parameters was laser power, scan speed, layer thickness, hatch distance which
are account for 360W,400mm/s,50µm,0.125mm, respectively. Thereby, they understood that
after the process Ti remains like the shape it has, spherical shape. This factor is important for
flow ability of the mixture of the powders. In corresponding to this mixture, they found the
lowest young modulus in this research. Therefore, the hardness which they tested was different.
According to the work process of the scan speed in laser beam strategy which is the backward
and forward of the laser beam movement, they investigated the fracture surface. Indeed, the
combination of ductile dimple and ductile failure therefore, this combination make the young
modulus low [31].

Zhao et al investigated the microstructure and mechanical properties which is effected by
process in EBM and SLM Ti-6Al-4V, and the compare of these process in the view of
mechanical properties. Firstly, they investigated that the surface sticky characteristic in EBM
is higher than SLM. The main defect they found was pores. The shape of the pores in EBM
and SLM were different, spherical and irregular, respectively. From the point of the tensile
strength, the strength in SLM in samples is higher than EBM. Especially where ductility is
much lower. In EBM tensile strength is increased while elongation is decreased. In EBM the
porosity is lower than SLM [32].

The mechanical strength difference in EBM and SLM are studied based on the fracture surface.
In EBM the fracture is based on the ductile dimple and brittle, according to the horizontal or
the vertical point. By the fracture surfaces the porosity of SLM is higher than that of the EBM.
The layer thickness and strength have effect in the characteristic of SLM and EBM which is
defined and shown in equation [32] (2.5.3).

= + /                                                                              (2.5.3)
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d is the thickness of layer, is the yield stress and  in the strength of coefficient.The thickness
 is the factor which could effect the strengthness [32].

3 Experiment Procedure
In this research the equipment included, a laser, cameras, a camera adapter,an illumination
system, which all are connected to the AM machine. Figure 23 below illustrates the whole
picture of the work equipment.

Figure23. Picture of AM+ Optical sensors
The material used was  EOS stainless steel 316L, analysis shown in table 2. The point of the
technical data for the EOS stainless steel 316L is classified on part accuracy which is included
large and small parts with the approximately ±20-50µm and ±0.2%, respectively. The layer
thickness is 20µm and the minimum wall thickness is near to 0.3-0.4mm. [33].
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Table 2.Material composition [33]

EOS stainless steel 316L

Element Min Max

Fe Balance Balance

Cr 17 19

Ni 13 15

Mo 2.25 3

C 0.030
Mn 2

Cu 0.50

P 0.025

S 0.010

Si 0.75
N 0.10

3.1 Test Equipment
3.1.1 Laser
The laser used in the research is Yb(Ytterbium) fiber laser. This is CW wavelength Ytterbium
fiber laser with the the wavelength 1064 nm and the modulation frequency is 0-5 kHz.
Maximum average  power  is  200  W the  core  diameter  is  100µm and the  beam parameter  is
0.35mm×mrad.

3.1.2  Additive manufacturing machine and accessories
The AM machine in this experiment is the EOSINT M 270 Machine. This machine contains
chamber, which has the recoating system, platform heating, platform elevating system, laser
and processing optics, the control software, computer and the other standard accessories. Table
5 shows the information about this machine.
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Table 5. AM EOSINT M 270 information[33]

Basic data Scanner Elevating
system

Other
equipment

Computer
software

Dimensions
2000*1050*1940mm

exposure
area250*250mm

Positioning
speed40-
500mm/s

Vacuum
cleaner

Processor:
Pentium 4

Main
memory:1G
B

Weight 1130kg Exposure speed
700mm/s

Position
repeatability

 ± 0.005 m m
Wet
separator

Hard
disk>10GB

Mains supply 400V Repeatability<11µrad Maximum build
height 215mm

Sieving
module

Monitor:15
”

Clamping
system

data
interface:10
/100Mbit

Mains fuse protection
3*32A

Maximum power
consumption 5,5kW

For building the object the prerequisite is using the data preparation from the CAD which is
designed to transfer it into the SLT format. Therefore, it is essential to change the 3D CAD to
the 2D which is called slices.

3.1.3 Camera and monitoring equipment
The camera, the camera adapter and the illumination system are the parts of the monitoring
system are three parts for monitoring system. Figure 24 below is the picture of them and the
way of the design for having the better imaging observation.
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Figure 24. Camera and monitoring equipment

3.1.3.1  Cameras
The experiment is done with two different cameras: a high-speed camera Baumer and the
optronis camera.
The high speed camera (CCD camera), BAUMER type TXG14 and TELECENTRIC 55 mm
lens with availability for changing zones and diaphragm. Also, Optronis model CR3000x2,
with  the  full  resolution  1696  ×  1710  Pixel,  the  shutter  type  is  Global  and  the  power  is
approximately 12W. Figure 25 below shows the spectral response in this camera [34].

Figure 25 . Spectral response of the Camera Optronis[34]
Appendix 1, 2, 3 illustrate the mechanical dimensioning of the camera from the series CR.
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3.1.3.2 Camera Adapter
Camera adapter is the device between the scan head’s beam and the laser flange. The beam
splitter also can be adjusted on the adapter. In appendix 4 the schematic is illustrated. The
configuration of the camera adapter is based on the laser beam wavelength which is 266-1070
nm, and the observation of wavelength in the range of 635-880 nm. The scan head aperture and
mirror coating is another important feature of the adapter which are 10-14 mm and 266-1064
nm, respectively [35].

3.1.3.3 Illumination system
Use of the illumination system is necessary for monitoring with AM process. As it shows in
figure 26, the illumination system consists of diode laser and  control unit. This system has a
high frequency pulsed diode laser with an average power of 500W at the maximum power
output. The wavelength of the operation is 810 nm.

Figure 26. CAVILUX HF for the illumination system.1) Controller, 2) Laser beam output
optics, 3) Laser

3.1.4 Microstructure and mechanical hardness test
One of the tests of mechanical properties was hardness testing. This was done with STRUERS
DuraScan 70 automatic hardness tester, with the measurement type of Vickers, and the method
which is used was HV5.
Hardness test in this machine is based on load cell technology. The range of test load is between
0.098-612.9 N (10g-62.5 kg). This machine includes: fully automatic testing system, six
automatic pistons, a high resolution camera, LED lighting, an auto focus, an automatic image
evaluation. Below figure 27 is the picture of this hardness testing machine.
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Figure 27. Hardness testing machine
Another machine in the research was microstructure imagine machine. Microstructure machine
plays a really vital role in the properties observation of materials.
Figure 28 illustrates the picture of the system from the microstructure imaging from my sample.

Figure 28.Microstructure system

This machine used was the Olympus Inverted Metallurgical Microscope, with the PME model.
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3.2 Experimental Design
This design of our research and experiment parts divided into the different categories of the
study.
For evaluating and the performance of the working process according to the different situation
which in research purposes is designed, figure 29 illustrates a little but the phases.

Figure 29. The process of the design experiment

In continues of explanation about the figure 29, this research starts with the design of the CAD
structure,  and change format from 3D to 2D in STL. Cubes size was the same and the only
changeable characteristics were the parameters of laser beam working from machine device.
Cubes were produced with different parameters in different section of this experiment. It drives
the research to investigate the appropriate and inappropriate result in the real-time monitoring.
In order to investigate the mechanical properties, cubes were made by below table 6
characteristics.

Cube Cube 1 Cube 2 Cube 3

Laser power 200 W 100 W 200 W

Scan speed 1000 mm/s 1500 mm/s 1500 mm/s

Hatch distance 0.1 µm 0.01 µm 0.04 µm

Table 6. Parameters information in cubes

•with the same parameters
and CAD structures, the

imperfection and perfection
will be illustrated according

to the image processa.

•According to the SLM
process, observation of the
melt pool will be useful to
observe with the highest

details and quakity of how
it is melted the powder.

•studying about paraemters
changes and the effection
in the structure layers by

layers

•Same CAD structure but
different parameters

involved. Due to investage
from the mchanical point of

the complete building
objects.

Mechanical
Properties

Micristructure
Image

Image
Monitoring

and
Imperfection

Melt pool
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Moreover, below figure 30 shows the cube parameters and information about arranged defects
in it.

Figure 30. Cubes information
Therefore, four cubes are produced according to different parameters and values which were
analysed in the next chapter for the melting process.

Table 7. 4 cubes parameters information

Cube Laser power(W) Scan speed(mm/s) Hatch distance(µm)

Cube 1  200 1000 0.10

Cube 2  50 1200 0.10

Cube 3 50 500 0.04

Cube 4 100 500 0.10

4 Effect of mechanical properties results and discussion

In SLM process energy density is the most effective factor during the mechanism and the
working machine. Energy density by itself is the characteristic point which is divided by
different important parameters. As it showed before in the equation 1.3.1, scan speed, laser
power, hatch distance and layer thickness are the factors that affect the process in order to have
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high or low in energy density. All these factors contribute to final completed part. The
appropriate decision and the errors during the changing value helped to investigate the best
results and the explanation of how these parameters and their value effect on the process.

In the experiment according to the equipment mentioned before, I started to observe the process
with  control  of  parameters  in  real  time  and  find  out  the  defects.  Moreover,  during  the
experiment, I found out the suitable parameters and also the control of the different effective
points which lead the result to the interesting point about the SLM mechanism.

4.1 Hardness test
One of the important factors, to investigate the samples characteristic, is study on hardness,
tensile strength and strength of the sample.
These three cubes, as introduced in table 6, after polishing and putting in acid, they go for the
hardness Vickers test HV5.
Figure 31 below shows the results of hardness test of cube 1.

Table 8. Hardness measurement results of cube 1

Figure 31. Graph of the hardness measurements  cube 1
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Repeatedly, cube 2 and cube 3 are tested and measured hardnesses are shown in Tables 9 and
10, as well as in Figures 32 and 33.

Table 9. Hardness measurement results of cube 2

Figure 32. Graph of the hardndess measurements of  cube 2

Table 10. Hardness measurement results of cube 3
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Figure 33. Graph of the hardness measurements of cube 3

Appendix 6 shows the images and loctions of the hardness tests.
Scan speed and hatch distance have a huge effect on the hardness. With increasing the hatch
distance, hardness decreased. Also, scan speed and laser power have the responsibility of the
operation temperature of melting point, which by decreasing the scan speed the energy density
increases [36].

4.2 Microstructure tests
In this experiment, the three cubes cut from the top and polished on the surface. After polishing
they were  washed with the alcohol and dried. In the next step, theywere in the microstructure
imaging machine in order to recognize the important changes and effects parameters impacts
on the structure of the cube’s surface. Mechanical properties in SLM process depends on the
microstructure such as grain size and morphology. Microstructure in SLM is effected by
temperature and thermal situation during the process such as cooling rate, thermal gradient and
reheating cycle.

Figure 33-35 below show the pictures of the microstructure of cube 1 and 2 and 3.
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Figure 33. Cube no.1

Figure 34. Cube no.2
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Figure 35. Cube no.3

From the result of the high cooling rate in AM system microstructure has a fine feature.
Because of the thermal gradient the melt pool will have the thin structure. The increase of the
hardness is a consequence of different factors which returns to the refined microstructure,
carbide hall –petch type strengthening the dispersion of the element alloys homogeneously.
Figure 34 in cube 2 is shown the gap between the hatch distance. It is because this is not too
dense.
As  it  shows in  Figure  36,  the  little  pores  in  the  picture  is  resulted.  Also  in  this  picture  it  is
shown that the good overlapping.. The heat treatment which is before the melt pool has an
impact on the porosity formation and its densification features. Generally, pores are formed by
low scan speed, although key holes are caused by higher speed rate.
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Figure 136. Cube number 3, the microstructure image

As to  the balling effect, high scan speed and low laser power result balling. Low scan speed
and high laser power increase the energy per unit of length. Therefore, lack of overlapping
between the tracks induced  higher porosities. Indeed, the porosity is varied by the variation of
the different parameters such as laser power, hatch distances, scan speed and scan strategy. If
laser power is unchanged, lower  hatch distance removed the effect of the scan speed on
porosity. Figure 37 and 38 show the overlapping, which in cube 3 is betetr than than cube 2.
Moreover, in cube 2 because of less power, the melting is more narrow.
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Figure 37. Layer track strategy and melting feature cube no2.

Figure 38. Layer track strategy and melting feature cube no3
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According to some studies it is possible to compare other study’s results with this research.
Figure 39 describes the relation between the energy density and porosity [37].

Figure 39. Porosity and energy density relation [37]
In this research the one of the important point to be noticed is the tempreture and heat during
the process. Tempreture during the process will effect on the solidifation morpholog in tracks.
The point is that in this experiment, there is no equipment for observing inside the track and
solidification morphology of them, but according the picture it is possible to make the
comparison  the solidifcation modes. From the study in the solidification, during the
solidification in SLM process, temperature gradient (G) effect on the interface of neighboring
solid. The temperature gradient and the growth rate (R) have important impact on the
solidification morphology of the microstructure. The ratio will be like G/R or G×R.  By
changing in scanning speed and the angle of interaction between laser beam scan and track
growth rate could be modified. Low growth rate with constant temperature gradient lead to
have unchanged and stable planar consolidation front. However, increasing R enforce the
cellular formation which is led to solidification morphologies. Cooling rate comes from the
G×R which explains the relation between the product and the structure of microstructure.
Higher products lead to finer microstructure. In addition, if the ratio of G/R is high, it means a
front crystallization is more planar stability. However, low G/R ratio, cause the instability [37].
Moreover, value and orientation of the thermal gradient is what it has impact on the track
scanning in the neighboring on the melt pool. Thus, the solidification has the variety results
according to the changes in G and R [37].
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5 Defect and imperfection effects control monitoring results and discussions

In this experiment, the process had some imperfection and defects which were made
intentionally. The experiment was started with the spreading the powder on the layer and
observing the rest of the process layer by layer working SLM process. Indeed, powder on the
platform, the place which SLM process is working, was not equal. This inequality in the
powder thickness on the platform of the work place made the defects. Thereby, after each
recoating, this unequally was obvious. Moreover, the effect of laser beam spot size was tested.
With decreasing the spot size, the process had different changes. Below in next chapter will be
discussed specifically.

5.1 Powder thickness
This experiment, as a first study on defects, started by spreading powder on the layer following
the SLM process and melting. Indeed, the layer thickness became different in the surface of a
cube. Part of the cube with thinner powder coating and one part remains with the normal layer
thickness of the powder. Therefore, the way of the melting from the surface and the place with
powder  got  different.  Moreover,  from the  videos  during  the  process,  it  was  observed  that  it
effected on the mechanism of melting and fusing on the platform. Below figure 40, shows the
one layer picture of the SLM process before the defection. After, in figure 41and 42 show the
changes and the unequal powder thickness.

Figure 40. Picture of the cube layer during the working SLM process. Before doing defects.
With the cube parameters
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Figure 41. Spreading powder, a) after one recoating to start the process layer by layer melting,
and the surface was not all covered same powder volume b) after one layer working

Figure 42. After the second and third layer process, the defect is completely obvious at the
edge at left of the cube

In this experiment, the important factor was the way of recovering from the errors and defects
by itself, after layer by layer. Thereby, after each layer, it is shown that the defect ( non equall
powder on the surface ) is removed. Thereby, it is really important to take attention to layer
thickness on the surface of the platform where the laser beam and the powder will interact.
Moreover, this is important in the SLM process which powder, in which size, it was used. As
figures illustrated, the process working got involved to the change of just this thickness and the
volume of the powder. Therefore, powder has the higher surface energy, which leads to the
kinetic densification. The place with the powder in contraction with the laser beam was melted.
However, where there is not enough powder, it is just the surface, which makes the defects by
balling, track irregularities formation.

a

b
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5.2 Laser beam diameter (spot size)
In this study, the basic change was based on the changing the focal spot size of the laser beam
with keeping the rest of the parameter same as a cube before unchanged.
Figures below 43 I the one layer completed picture and figure  44,45,46 show the change of
the beam spot.

Figure 43. Picture of before changing the spot size from the layer completed.

Figure 44. First layer which gets defects from the change of spot size
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Figure 45. Second layer

Figure 46. After one recoating powder layer.
As a result,  with the change of the spot size the energy density will  change too. And this is
proportional equation. As equation 5.2 below shows the decrease the spot size will increase the
energy density.

= e2
According to this equation, the spot size is the (spatial) distance, where the intensity drops by
1/e2 from the maximum intensity.
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Where I is the maximum beam intensity and 1/e2 is the intensity criterian.

6 Effect on parameters on melting process results and discussions

In order to study on the characteristic of the melt pool, it is essential to know the impact of all
of the parameters on the melt pool in the SLM process.
In this experiment, it was investigated how to carry out the observation of melt pool. According
to the equipment, the Optronis camera was used with an adapter. Between the camera and
camera adapter, a beam expander is adjusted. The process started by different cubes (Four
cubes with different parameter’s values which are shown in table 7 before) parameters.

For each of these cubes, the camera starts to take a photo of the layer by layer during melting
process. The pictures taken by camera during the process are illustrated via below figures. In
these pictures the only things which it can be observed are the way of the melting and the
interaction of laser beam and powder on top of the substrate. Furthermore, the white points in
these pictures are the melting trace. These melting traces are sharp and white because of the
illumination system and the contraction of this system with the laser beam.

Figure 47. First layer of cube 1
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Figure 49. Next layer while it is melting in cube 1

Figure 50. Continue of the melting in cube 1

Figure 48. Second layer of cube 1
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Pictures above are taken during the cube 1 building. According to the parameters of cube 1, it
is obvious that these parameters are more appropriate for the SLM process. But as it signed in
the pictures, the bright places are all the vapor places. Next, in cube 2, 3 and 4, we can see a
little difference.

Figure 51. Cube 2 during the melting in the melt pool. a) It is the place which is not melted yet,
b) melted places

a

b
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Figure 52. Cube 3 melt pool

a

Figure 53. Cube 4 during the
melting process. a) Not melted
parts



51

Cube 4 has the least energy density and cube 3 has the biggest energy density. So, as we see in
the picture all of the cubes have porosity but in picture in cube 3 and 2 the porosities in compare
with  4  is  less.  As  a  first  result:  this  monitoring  system  (cameras,  illumination  and  etc.)  are
neither good enough nor appropriate monitoring system for observing the melt pool. Although
there is not enough information from the photos, the way of the melting and the SLM process
according to the different values are discussable. There are different important results about
the melt pool characteristic according to different process mechanism. The most important one
is the energy density and all the related features, which according to these pictures and system
monitoring, that cannot be observed and get a good result.

7 Recommendation for future study

Additive manufacturing technology is the technology based on the growing objects by layer by
layers’ production from variety of materials. Furthermore, the role of the laser beam interaction
with the material substrate has the important impact on the process and the mechanism of AM
machine. There is high potential in future for this technology. The attitude and possible
prediction in the AM technology future role are focused on the different options. These are
divided into laser mechanism, material, the design of the LM, consolidation and economic.
According to this research also the way to focus on the monitoring condition has also its special
impact for the future trend and development.

Thus, according to this research achievement, the suggestion for the future use of the AM
machine would be the EOS M 400, which has the concentration in the industrial in metal
production. The use of the laser is important, because the laser beam working is the most
important feature according to the way of interaction between the laser beam and the material.
The time, the power the speed and the beam diameter focus would be really important in order
to make the appropriate object. What I can suggest according to my monitoring and observation
in this research is the fiber laser power up to 1 kW, scan speed 7m/s, and 90µm diameter focus.

For monitoring, I would suggest the good thermal camera which can capture the temperature
of the different levels and in change parameters. As it investigated in this research changing
the thermal situation effect on the melt pool shape size. So the one of the best options could be
the thermal image camera TI 600 ULIRVISION. AM must meet the demand requirement of
production parts which are based on the quality, equipment certification, high and better
focused.
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8 Conclusion and Summary
In this research, real-time control of the SLM process in AM machine was realized. The EOS
M270 AM machine with the CW laser approximate 1064 nm wavelength was used in the
machine. In addition, there were the both high-speed cameras for observation and control
quality of the melt pool and working process. With all these equipment and condition working,
together, made the result and good discussion analysis about the SLM process.

This study started by introducing the theories and the basics of the laser beam and melting of
the material powder with a laser beam in the additive manufacturing machine. The most
important point of the discussion was based on the SLM in AM machine. The monitoring and
the real-time control of the parameters and the investigation of the mechanical properties, with
the hardness test and the image of the microstructure of the samples in different parameters,
were the base of the experiments. Due to these experiments in different cube and different
parameters, the importance of each parameter, as well as, the AM machine and the SLM
mechanism on the object production was illustrated. The real-time control experiment has the
most  important  role.  The  way  of  observing,  the  way  to  have  the  knowledge  to  change  the
parameters and monitoring them have the most important role in the SLM process. This comes
ever more critical since a lot of work is done to make the process suitable for the larger and
more complex parts in the industrial production, mechanical critical parts, biomedical
applications, and art.

In this experiment master thesis research investigated the increase and decrease of the energy
density and the hardness and the defects and imperfection. The porosities and key holes, the
hard fusing and the shape of the melt pool were involved into the final appropriate or non-
appropriate production
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