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Abstract - Selective Laser Melting (SLM) is an additive manufacturing process capable of melting and fusing metallic 
powders using laser. The required model is formed into its required shape by simultaneous melting and fusing the material 
present in powder form inside and among the various layers making the complete component. The selective laser melting 
(SLM) process allows for manufacturing most complex shapes using a variety of common materials. The processing 
parameters of selective laser melting were thus investigated in this study. The microstructure of the products formed by 
selective laser melting of Ti6Al4V was studied and their high temperature creep properties were improved. Study was made 

to reduce the surface roughness. The tensile and fatigue properties of the formed products were studied and also the effects 
of heat treatment on the formed products were taken into account. Here various parameters affecting the process and its 
application in manufacturing of titanium alloys for various applications were also discussed. In this paper an attempt has 
been made to bring out the latest trends in the SLM process. 
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I. INTRODUCTION 

 

Selective laser melting (SLM) is the technology 
which is widely using in manufacturing industries, 

biomedical field, researches and in many other fields. 

Selective laser melting (SLM) is an additive 

manufacturing technique used produce metal 

components from metallic powder using laser as a 

tool to melt and fuse together (Yap, Chua et al. 2015). 

On the basis of previous researches it has been 

proved that for additive manufacturing SLM is the 

most suitable and valuable process among all 

(Shipley, McDonnell et al. 2018). The most unique 

thing about SLM technology is that it doesn’t require 

any binder to form the parts of any material.(Hussein, 
Hao et al. 2013)] This technology made it easy to 

create complex components quickly that cannot be 

produced by other methods which include the 

subtractive manufacturing. Subsequently, SLM 

process has reduced the timescale of concept-to-

prototype transition, the essence of rapid prototyping 

(Clare, Chalker et al. 2008). During this process the 

machine bed which contains powder of the material 

to be created is joined by laser heat which is an 

efficient and manufacturing technique because of the 

easy over both powder deposition and laser radiation. 
In this process, a product achieves its desired form by 

selectively melting layers of powder by converting 

the 3-D component into various 2-D layers and 

joining them to form the product(Yap, Chua et al. 

2015). Generally two laser beams are used for 

melting the powder material and it is heated to a 

certain temperature and upon the application of 

estimated power by the laser and the powder makes 

the transition into the molten state. This all occurs 

inside a controlled environment to achieve adequate 

results. Afterwards, the molten metal naturally 

reduces its temperature and consequently solidifies 

down quickly, and the material starts to form the 
product. After the complete process of a single layer 

the bed is pull down by an amount equal to the layer 

thickness as decided by the manufacturer and 

similarly another new layer of powder is poured onto 

the preceding one for the formation of the next 

layer.(Graybill, Li et al. 2018). 

 

 
Figure-1 Printing process(Yap, Chua et al. 2015) 

 

There are various process factors affecting the 

process of SLM, such as; scanning speed, laser 

power, hatch speed, metal powder particle size, layer 

thickness and build envelop, these parameters are 

adjusted in such a manner that complete fusion takes 
between various layers to form the product, here laser 

orientation is controlled bya Galvanometer optical 

scanner used which is a motorized mirror mounts and 

is used to direct laser beam in the x and y axis 

according to the layer. These parameters affect the 

energy density to melt the powder. For the transition 

to molten state, heat capacity and latent heat needs to 

be taken into account for adequate outcome.(Yap, 

Chua et al. 2015). 
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Figure-2 Parts made by SLM process for different 

applications.(Mazzoli, Engineering et al. 2013, Kusuma, 

Ahmed et al. 2017) 

 

TI-6Al-4V (Ti64) is an alloy of titanium which is 

widely used in the biomedical (orthopedic surgery, 

preoperative evaluation, diagnosis, pediatric surgery), 

aerospace and other industries(Kusuma, Ahmed et al. 

2017). This alloy of titanium is stable at high 

operating temperatures as compared to others, it 
possesses elevated specific strength and enhanced 

corrosion resistance characteristics, for this reason it 

has many applications in wide variety of industries. 

The Titanium alloy processed by conventional 

methods is not preferred over the components built by 

SLM process as these have much better and desired 

properties, also production of difficult to manufacture 

components by conventional methods is a challenge 

whereas SLM process’s main advantage is that it can 

form various complex shape which can’t be 

manufactured by conventional manufacturing 
methods.(Hussein, Hao et al. 2013, Shipley, 

McDonnell et al. 2018). The main advantages of 

SLM are reduction of time in manufacturing, 

improved medical outcome because implant pattern is 

scanned with MRI and CT(Chen, Yang et al. 2007). 

The major process parameters of SLM impact the 

development of temperature gradients and residual 

stresses.(Abe, Osakada et al. 2001, Buchbinder, 

Schleifenbaum et al. 2011, Hussein, Hao et al. 2013) 

II. PROCESS PARAMETERS (SLM) 

 
As we go depth in this process, we face so many 

visible or invisible issues related to efficiency, 

production rate of components, parameters, 

fabrication SLM machine, etc. 

 

 
Figure-3: Process parameters and their effects 

 

Here, we are considering controlled and partly 

controlled parameters, diameter of laser beam used in 
melting operation plays a dominating roleon the 

certainty of the developing a 3D-product, as the 

diameter is wider it tends to be less precise character 

of curve in each layer, which gives lesser geometric 

accuracy of the last product. We obtain laser paths in 

each layer when there is an enhancement in the 

diameter of focus, which gives higher productivity to 

the process. Detailed research makes it possible to 

getting the results about the chances to achieve a 3D-

object with an increase in the scanning speed values 

and power of laser beam with the fascinating 

geometrical characterization of the single-track in 
sampling. It means there is no chance of quality 

losses or with the construction of desirable geometry 

of each layer for 3D-productas of energy absence 

surplus in the center of beam. Absorptivity of the 

laser energy is factors dependent, which are laser 

wavelength, level of oxidation, type of material, 

etc.(R. Frewin and Scott 1999, Abe, Osakada et al. 

2000, Kruth, Wang et al. 2003, Chen, Yang et al. 

2007, Roberts, Wang et al. 2009). Absorptivity which 
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tends to the quality of being absorptive, for Ti6Al4V 

powder it’s not been settling because it changes a 
arrangement when metal melts(Ready 1971, Roberts, 

Wang et al. 2009) 

In Ti6Al4V a particular track temperature circulation 

of laser scanning happens by counting heat 

capacity(temperature dependent) in ANSYS and it 

showed that the major characteristics of the built 

specimen is majorly affected by the temperature 

distribution during the process. (Contuzzi, L. 

Campanelli et al. 2011). If the solidification 

technique is fast it will be favorable to the mechanical 

properties of the components.(Kawamura, Liu et al. 

1997).Variation of temperature occurs only at starting 
phase, stable process and laser off. The liquid phase 

keep about 0.3ms when temperature of brighten spot 

increases very fast and at a convinced zone around 

the spot which is in molten state and then strengthen 

into the body. However, the duration of cooling is 

long enough to deplete heat prior to again heating for 

initial phase and laser off because the second 

maximum temperature attain melting point, yet 

temperature of stable phase and laser off are lesser 

than melting point(Gusarov, Yadroitsev et al. 2007, 

Roberts, Wang et al. 2009). 

 

III. SURFACE TOPOLOGY OF BEAD 

FORMED 

 

When laser scan is operated on an empty plate few 

single beads appear due to melting and fusion of the 

plate material. Without any delay all single beads 

were uniform. It is observed that the melt pool shows 

a bowed front and outstanding tail along the motion 

direction (Kruth, Froyen et al. 2004). By observing 

the scan track melt pool geometry on the base plate 

could be easily recreated. The melt pool geometry is 
difficult to perceive for some single beads, 

specifically when created using low energy density. 

At low energy densities a negligible amount of 

material will be melted, it has been outlined that the 

high and low energy density situations indicate 

diverse surface topology for single beads on the base 

plate. Clear scan tracks can be observed on the top 

surface when process parameters of high laser power 

and low scan speed. Appropriate overlap between 

scan tracks ensure by the hatch spacing distance. 

 

IV. SLM OF Ti6Al4V 

 

Ti6Al4V consists of titanium, aluminium and 

vanadium, which is used extensively in various 

applications worldwide (Alcisto, Enriquez et al. 

2011) due to the fact that they possess better 

mechanical properties than the most alloys of 

titanium also much of other materials such as stability 

at high temperature, high mechanical strength and 

decent corrosion resistance properties. Ti6Al4V 

components can be manufactured by various 

conventional manufacturing processes but their 

mechanical properties are reduced as compared with 

SLM technique. (Committee 1990, Alcisto, Enriquez 
et al. 2011) 

Titanium alloys are expensive in comparison to other 

materials which can be used in its place, also 

machining can be a bit difficult for these materials, 

thus the cost of extraction contributes less to the total 

cost of the component when produced by 

conventional methods of manufacturing(Froes 2013, 

Conradie, Dimitrov et al. 2016). 

As titanium alloys are highly reactive in ambient 

temperature, selective laser melting cannot be done in 

the atmosphere and for that an inert environment of 

argon gas is used for the process. 
In spite of the abundant advantages of SLM process 

for Ti6Al4V in biomedical, aerospace, and other 

industries, there are a various encounters linked with 

this technique as well. 

 As high cooling rates are present in the 

process of SLM the microstructure of SLM 

produced Ti6Al4V components causes high 

tensile strength but reduction in 

ductility(Thijs, Verhaeghe et al. 2010, 

Vilaro, Colin et al. 2011, Gu, Hagedorn et 

al. 2012, Vrancken, Thijs et al. 2012, Xu, 
Brandt et al. 2015, Wysocki, Maj et al. 

2017). 

 SLM processed Ti6Al4V objects can have 

many defects as in other processes but the 

major defectit can have is porosity which 

affects the fatigue performance of the as-

built component. Hence it needs to be 

controlled.(Leuders, Thöne et al. 2013). 

 Residual stresses can also be present after 

the process of the formedproducts whose 

main factors are high cooling rates and 
temperature slopes present during the 

process which affects the crack growth in 

the component. (Leuders, Thöne et al. 2013). 

 

Ti-6Al-4V alloy yields three zones – powder melting 

zone, re-melting zone, and reheating zone and four 

stages - powder melting stage, mushy stage, multi-

phases stage, and solid-state phase transformation 

stage during SLM process. The components produced 

by SLM for Ti6Al4V alloy consists of increased 

weldability when stresses are relieved. 

Microstructures considerably influence the micro-
hardness; tensile performance and fatigue crack 

growth rates of the products formed by SLM process 

but have fewer effects on the fatigue life due to the 

presence of pores. The pore formed doesn’t affect the 

tensile property. 

Densification of the tungsten alloy formed by 

selective laser melting depends upon the numerous 

process parameters of the process as mentioned 

above. It can be observed that the density of the 

component is inversely proportional to hatch spacing 

and scan speed parameters of the process. 
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The microstructure of the products formed by SLM in 

case of titanium alloys includes fine martensitic and 
secondary alpha structure, columnar grains, pores and 

periodic band structures. 

 

V. HIGH TEMP CREEP PROPERTIES 

 

Heat treatment is used to improve the microstructure 

of the alloy in order to enhance the high temperature 

creep properties of the product. At elevated 

temperature it is observed that the heat-treated 

component with a Widmanstätten structure had 

comparatively lower creep strain showing that the 

widmanstätten structure has comparatively superior 
creep resistance than the martensitic structure. (Kim, 

Park et al. 2018). 

The specimen formed by SLM had a martensitic 

structure initially but after heat treatment the structure 

changed to Widmanstatten structure. 

 

VI. SURFACE ROUGHNESS 

 

High surface roughness in the complex components 

produced by SLM requires further treatments to 

enhance the surface finish of the product but these 
processes are time consuming. Thus decrease of the 

surface roughness of the products formed by SLM is 

taken into consideration. 

The surface roughness of SLM built products can be 

estimated based on the alignment of the surface. 

Orientations between the build component and the 

surface can be categorized into horizontal 

surface(Yadroitsev and Smurov 2011), vertical 

surface(Mumtaz and Hopkinson 2009, Abele and 

Kniepkamp 2015), upward-facing and downward-

facing inclined surfaces(Kruth, Froyen et al. 2004, D 

Gu, Meiners et al. 2012). Surface finish of the 
component produced by SLM technique can be made 

better by keeping the parameters accordingly which 

can’t be achieved by conventional methods. At 

horizontal planes surface finish can be improved by 

having constant laser scan tracks without balling.(Dai 

and Gu 2015, Yadroitsev, Krakhmalev et al. 2015). 

Improvement of the same in the vertical orientation 

needs lower thermal input compared to horizontal 

surfaces in order to completelymelt the powder 

particles. Heat accumulation in the molten state 

region can also lead to subside surface(Jamshidinia 
and Kovacevic 2015). 

Speed of laser scan power also affects the roughness 

of the surface when a fixed power is used. Fast speed 

is preferred to produce a good surface finish but 

excessively faster speeds can worsen the surface 

finish(Mumtaz and Hopkinson 2009, Yadroitsev and 

Smurov 2011, Abele and Kniepkamp 2015). 

Surface finish of the components produced by SLM 

technique for the Ti6Al4V also depends upon the 

location of the sample on the build platform. The 

incomplete elimination of spatter allows process by 

products to be involved in the subsequent SLM 

process, which affects the surface finish. Surfaces 

that are built comparatively at a larger distance from 
the laser source are rougher than those that are built 

near the laser(Chen, Wu et al. 2018). 

Applied parameters affect the surface but the position 

and orientation of the component or various other 

parts also affect the surface finish which can be 

variation in the powder size of the alloy, distribution 

of the material across the bed. 

 

VII. FATIGUE PROPERTIES 

 

High cycle fatigue (HCF) tests on selective laser 

melted products for Ti6Al4V shows that there is a 
substantial reduction of the fatigue strength between 

machined and products formed by SLM process. An 

HCF condition based on the distribution of EV of the 

Crosland equivalent stress averaged within a volume 

is developed. (Vayssette, Saintier et al. 2018) 

The component produced by SLM showed high 

tensile strength combined with sufficient ductility. 

The high cycle fatigue resistance of the product is 

merely 20% of the material’s tensile strength. 

 

 
Figure-4 Comparison between experimental Crosland 

equivalent stress on SLM machined and simulated median of 

EV of the averaged Crosland stress. (Vayssette, Saintier et al. 

2018) 

 

VIII. TENSILE PROPERTIES 

 
Tensile strength-strain curves of the various SLM 

produced components for Ti6Al4V are shown in Fig-

4. As we marked the augment of energy density in the 

components built by SLM process, the tensile 

strength also accentuated, i.e. energy density in the 

solid is directly proportional to the tensile strength in 

the component. When energy density 

reached1000J/mm3, the ultimate tensile strength in 

the component exhibited a considerable change and 

the value got close to 1008MPa. But when energy 

was too high that caused a significant increase in the 
temperature, almost around 1333J/mm3, the ultimate 

tensile strength decreased significantly. (Zhou, Zhou 

et al. 2018). The Ti6Al4V samples fabricated by 

SLM in vacuum had a comparatively reduced 

strength but they possessed elongation properties. 
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Figure-5 Stress-strain curve for various samples of products of 

Ti6Al4V formed by SLM(Zhou, Zhou et al. 2018).In this test 

various parameters like power, speed and height were varied 

and tensile strength and percentage elongation were recorded 

and the graph was plotted for SLM of titanium alloys. 

 

IX. HEAT TREATMENT 

 

There are many defects in SLM produced 

components but a few defects have higher impact 

such as Cracks that are caused by incomplete melting 

of powder by laser causing inadequatefusion of 

particles the pores aretriggered by the instabilities of 

protective gas, typically argon. Cracks and pores 

affects various properties of the componentfabricated 

by SLM for Ti-6Al-4V alloy, these defects depended 

on their geometry and orientation(Vilaro, Colin et al. 
2011). The effect of defects on the formed products 

can be reduced by improving the process parameters 

involved in selective laser melting process. Residual 

stress can be relieved and ductilitycan be improved 

by heat treatment process after SLM. The heat 

treatment processcan be done above and below the 

betatransus temperature for the Ti-6Al-4V alloy, 

known as supertransus and subtranus treatment 

respectively, according to the requirement of the 

properties.(Vrancken, Thijs et al. 2012),(Huang, Liu 

et al. 2015). 
While the titanium alloy components formed initially 

by selective laser melting (SLM) techniqueproved 

that the components have high strength but ductile 

property is considerably reduced,the influence of heat 

treatment on the structure and various properties of 

SLMproduced components directedthat the SLM 

built products had numerousproperties at different 

length measures.Subtransus treatment improved the 

properties desired in the Ti-6Al-4v built products. 

Gentle increase in the grain size can be seen when the 

subtransus treatment at various temperatures is 

experimented.Morphological properties of the formed 
structure of the Ti6Al4V swayed the mechanical 

characteristics. The yield strength and the 

compressive strength of the subtransusformed SLM 

Ti-6Al-4V component decreased with increase in the 

heating temperature.All the components that 

underwent heat treatment below 955 degree Celsius 

temperature showed significant yield and 

compressive strength. Annealing process of the built 

products at a temperature greater than 850 degree 
Celsius resulted in fracture strain values. Rate of 

cooling have very little effects on the properties of 

the products which had undergone the process. 

(Zhang, Fang et al. 2018). 

 

X. CONCLUSION 

 

In terms of additive manufacturing SLM process is 

considered to be the most valuable process as it 

creates the most complex products which cannot be 

created by other subtractive manufacturing process. 

Various properties of the formed product can be set 
by changing the process parameters which include 

scanning speed, laser power, hatch speed, metal 

powder particle size, layer thickness and build 

envelop, position and orientation of the various 

components. Ti-6Al-4V is an alloy of titanium which 

is used extensively, which corresponds to 50% plus 

usage. Titanium alloys possess steadiness at elevated 

heating conditions, great specific strength and upright 

corrosion resistance characteristics. The process 

parameters used in the process of selective laser 

melting have been studied with various properties 
relating to the microstructure, fatigue, tensile, creep, 

surface roughness, defects, residual stresses and the 

effect of heat treatment on Ti6Al4V formed products 

by SLM. The process parameters are not independent 

in their effect and the properties of the product 

formed is the function of the relationship between the 

process parameters. The quality of the product also 

depends upon the temperature distribution. The 

microstructure of the products formed by 

SLMprocess in case of titanium alloys include 

martensitic and secondary alpha, oriented columnar 

grains and band structures. Heat treatment of the 
formed product improves the high temperature creep 

properties by lowering the creep rate. Residual 

stresses of the product can also be improved by heat 

treatment process which also reduces the defects. The 

various parameters with the position and orientation 

affect the surface finish of the product formed. The 

component produced by SLM showed high tensile 

strength combined with sufficient ductility. The high 

cycle fatigue resistance of the product is merely 20% 

of the material’s tensile strength. The Ti6Al4V 

components built by SLM in the absence of 
atmosphere had a comparatively reduced tensile 

strength but possessed increased elongation 

characteristics. 
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