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Abstract Selective laser melting involves melting and

solidification of metal powder particles in a track-by-track

and layer-by-layer method to fabricate 3D parts. The pre-

sent investigation focuses on understanding the effect of

laser power and scan speed on the evolution of melt pool,

porosity and multiple thermal cycling effects on the

microstructure in parts fabricated using selective laser

melting. In this study, Ti-6Al-4V pre-alloyed powder was

used to produce single-track deposits and bulk parts. Using

different combinations of laser power and scan speeds,

single-track deposits and bulk parts were produced. The

cross-sections of the single-track deposits and bulk samples

were prepared for metallographic observations and the melt

pool shape and size and porosity were evaluated. When a

low energy density was applied the un-melted powder

particles produced irregularly shaped porosity, and a high

energy density resulted in rounded porosity, which was due

to keyhole effects. The samples produced with a proper

combination of power and speeds were fully dense. Fur-

ther, microstructural development under the influence of

process condition was highlighted. Overall, the study

demonstrates a good correlation between the single-track

melt pool geometries, porosity in bulk parts and also

demonstrates the microstructural inhomogeneity during

deposition.

Keywords Additive manufacturing · Selective laser

melting · Ti-6Al-4V alloy · Single-track deposits

1 Introduction

Additive manufacturing belongs to the group of manufac-

turing technologies where 3D parts are fabricated by

material addition in a layer-by-layer fashion, usually from

a computer-aided design model [1]. Additive manufactur-

ing technologies offer enhanced design capabilities for

geometric freedom that allows producing parts which are

otherwise not possible to fabricate with traditional manu-

facturing processes. There are various additive

manufacturing processes such as selective laser melting,

direct laser deposition, electron beam melting, wire-feed

additive manufacturing, shape deposition modeling, ultra-

sonic consolidation, binder jetting, and friction freeform

fabrication for producing metallic components [1–8].

Titanium alloys are used in several structural applications

due to their lower density, high strength to weight ratio,

corrosion resistance, and elevated temperature properties

[9]. Traditionally, titanium alloys are made by vacuum

induction re-melting and carefully controlled thermo-me-

chanical processing to tune the microstructure that will

demonstrate satisfactory mechanical properties. Although

manufacturing methods are well established for titanium

alloys, the high production cost limits the use of these

alloys. Additive manufacturing could provide a means to

fabricate parts in titanium alloys at a lower cost. Among

the various grades of titanium alloys, Ti-6Al-4V (α + β
alloy) is the most popular and finds its applications in

aerospace, automotive, biomedical, defence and industrial

sectors [9, 10]. The alloy has good weldability character-

istics, making it amenable for SLM.
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Of the commercially available additive manufacturing

technologies, selective laser melting (SLM) is one of the

most popular and successful powder-bed fusion based

additive manufacturing processes. In SLM, consolidation

of metal powder is achieved by melting and solidifying a

small volume of material in a track-by-track and layer-by-

layer fashion using a high-intensity laser. In other words,

the laser beam scans over a layer of powder in a straight

line and melts the powder particles under the beam and

creates a small molten pool of metal. As the laser beam

traverses, it leaves a thin track of solidified metal behind.

On repeating the single track deposit with a well-defined

overlap (hatch spacing), a layer of cross-section is pro-

duced. Upon repeating this layer-by-layer deposition, an

entire part is constructed [1]. A simple schematic of the

SLM process showing track-by-track and layer-by-layer

deposition is presented in Fig. 1 [11]. SLM is controlled by

various processing parameters such as laser power (P),
scanning speed (v), layer thickness (t) and hatch spacing

(h). These parameters define energy density of the process

as [12]:

E ¼ P

v� h� t
: ð1Þ

Although energy density is a measure of the energy

input to the process, there are other factors such as the

composition of the metal, atmosphere used, scan pattern,

and powder-bed temperature, which also play a significant

role [13]. All the parameters mentioned above mutually

influence each other, but the degree of effect by each

parameter is not well understood. Therefore, studying the

basic element of SLM, i.e., the single-track deposits, will

provide a deeper understanding of the process and could

assist in identifying a process window for optimizing

parameters, particularly when dealing with new alloy sys-

tems [11].

In recent times, a great deal of work has been carried out

on the Ti-6Al-4V alloy for optimization of parameters,

microstructural characterization, and mechanical property

evaluation using SLM [12–15]. Gong et al. [11] reported a

strategic method to arrive at optimum parameters through

producing single beads on the base plate and extended their

work to characterize a test pad (10 mm 9 10 mm 9 1 mm)

with multiple layers. Gong et al. described the effect of

power and scan speed on the melt pool geometry, and also

showed surface topology of multi-layer pads, which were

evaluated for porosity and quality evaluation. However, a

detailed study on porosity and microstructures was not

reported. Also, in their study, the single-track deposits were

made on a base plate made on a Ti plate. Very recently,

Yang et al. [16] investigated the role of melt pool on

microstructure and mechanical properties of Ti-Al-4V. The

study explores the use of a keyhole mode over a conduction

mode for SLM deposits, and it was noticed that the con-

duction mode provided denser parts with better mechanical

properties. In their experiments, the single-track deposits

were made on a pure Ti plate. In both the case studies,

single-track deposits resulted in a significant amount of

dilution with the base plate alloy. It is well known that

dilution contributes to a change in the local composition of

the melt pool, thus changing the melting temperature of the

Ti-6Al-4V alloy powder in the local single-track vicinity.

In other words, the volume of the melt pool created will be

different from the actual volume when the melting tem-

perature is changed. Hence, the estimate of melt pool size

will probably be close to the actual one but not a true

representation of the melt pool size. Therefore, a study on

single tracks made of the same alloy (Ti-6Al-4V plate) is

necessary to have an accurate measure of melt pool

geometry. Thijis et al. [15] studied the influence of process

parameters on porosity and the development of

microstructures. In their study, they varied the energy

density of the process (by altering the scan speed and hatch

spacing) and presented its effects on porosity. They

described the evolution of grain (elongated) structure in the

deposits due to epitaxial growth, and the fast cooling in

SLM resulting in a fully martensitic phase. The martensite

phase formed will experience multiple thermal cycling

effects during track-by-track and layer-by-layer material

deposition and therefore, finally result in a microstructure

containing a hierarchical structure of martensite [17].

The quality and the properties of parts produced by SLM

primarily rely on the nature of single-track deposits,

overlap between the layers, and thermal history. It is

Fig. 1 A schematic the SLM

process showing track-by-track

and layer-by-layer deposition of

material [9]
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essential to study and understand the mechanism of for-

mation of single-track deposits based upon processing

parameters such as scanning speed, laser power, and

powder layer thickness. In the present work, we attempt to

produce single-track deposits on Ti-6Al-4V alloy plate.

The objectives of the present work are (i) to study the

influence of process parameters on single-track deposits on

the evolution of the melt pool and (ii) to understand the

effect of process parameters on porosity and microstruc-

tures in bulk parts. We believe that this work will provide

further insights into understanding the SLM process and

could assist in developing a process window for faster

identification of optimum process parameters.

2 Experimental work

Ti-6Al-4V pre-alloyed powder (15–45 µm) supplied by

LPW Technology Inc., Pittsburg, PA, USA, was used in the

present study. The powder was characterized using SEM

for examining the particle size, shape and distribution. An

EOS M270 direct metal laser sintering (DMLS) system

with Yb-fiber laser (nominal maximum power 200 W) was

used to fabricate the single-track deposits and bulk sample

parts. Experiments were performed with multiple combi-

nations of laser power and scan speeds to produce single-

track deposits and bulk samples (Table 1). A layer thick-

ness of 30 µm was maintained for all the test samples.

When a thin wall equivalent to the beam diameter is

made, the laser will scan as one single line, and thus make

a single line of deposit. It is known that support structures

in an EOS system have a minimum smallest dimension of

100 µm [18]. Therefore, single-track deposits can be pro-

duced utilizing line support structure settings. To achieve a

single line deposit, thin wall sections with the dimension of

0.1 mm 9 0.1 mm 9 100 mm were made using Materialise

Magics software and placed at a height of 5 mm. Then

support structures were generated under these thin wall

sections/parts. It is to be noted that these thin walls are

sacrificial parts and will be deleted once supports are

generated. Then parameters (listed in Table 1) with various

laser powers and scan speeds were applied to each of the

single line supports. A Ti-6Al-4V alloy plate of 3.3 mm

was placed on the build platform, and then a layer of 30 µm
thick powder was spread. A single exposure laser scan was

applied to scan one single layer. In this method, single-

track deposits on a Ti-6Al-4V alloy plate (thickness

3.3 mm) were made. The single-track deposits were pre-set

at 5 mm distance apart. Single-track deposits of a length of

100 mm were made on the Ti-6Al-4V plate. A photograph

of the plate containing the single-track deposits is shown in

Fig. 2. The single-track deposits were cut at 1/3, 1/2 and

2/3 lengths (sections A, B, and C) for microscopy studies.

The top surface of the single line deposit was examined

under a scanning electron microscope. Later, bulk samples

(10 mm 9 10 mm 9 5 mm) were built using the same set

of parameters. The bulk samples were sectioned, polished,

and etched with Keller’s reagent. The bulk samples were

characterized using optical microscopy for examining the

porosity and microstructures. The amount of porosity in the

samples was estimated as per ASTM E-562.

3 Results and discussion

Ti-6Al-4V pre-alloyed powder was characterized using

SEM. Figure 3a shows morphology and distribution of the

powder particles. Particle size and distribution were

determined by measuring the diameters of individual par-

ticles from several different micrographs. The particles

have a particle size distribution between 15 and 45 μm. The

powders showed spherical morphology with bi-modal size

distribution. Figure 3b shows a SEM micrograph revealing

characteristic micro-dendritic features on the surface of

powder particles. This phenomenon occurs due to nucle-

ation and growth of dendrites in the powder particle during

slow cooling occurring in atomization process [8].

Table 1 Single-track deposits and bulk samples made with various

powers and scan speeds

Laser power (W) 50, 100, 150, 195

Scan speed (mm/s) 500, 750, 1000, 1200

Fig. 2 Photograph of the Ti-6Al-4V plate showing single-track

deposits (note: single tracks appear as thin vertical lines)

Prog Addit Manuf (2017) 2:157–167 159

123



Fig. 3 a A low magnification

SEM micrograph of Ti-6Al-4V

powder. b A high magnification

SEM micrograph of powder

particles

Fig. 4 SEM images showing the top surface morphology of the single-track deposits
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The top surface of the single line deposits was observed

under SEM, and the results are presented in Fig. 4. The

single-track deposit scanned with low laser power, and

slow scan speed (50 W and 500 mm/s) shows a continuous,

and a uniform weld bead. Keeping the laser power constant

(50 W), with an increase in the scan speed the single-track

deposit was noticed to become inconsistent and discon-

tinuous (1000 mm/s), and eventually resulting in

fragmentation of tracks (1200 mm/s), commonly referred

to as balling [11]. Balling appears spherical in shape (as

shown in Fig. 5, 50 W, 1200 mm/s) and bulging upwards

which is a result of the dominant surface tension forces of

the molten alloy. When such a sets of parameters are

applied to fabricate the bulk parts, they may result in a

significant amount of porosity [9, 11]. Keeping scan speed

constant, and with an increase in the laser power, the single

bead deposit shows an increase in width. This increase in

the width is due to the higher intensity of the laser beam,

which causes a higher volume of melting and results in a

wider and deeper melt pool [11] (Fig. 6). In the case of

single tracks deposited with a laser power of 100, 150, and

195 W, the bead width was observed to decrease with an

increase in scan speed; however, balling phenomenon was

not observed at these higher laser power settings.

The single-track deposits produced on a Ti-6Al-4V alloy

plate were sectioned and prepared for microstructural

Fig. 5 Cross-section optical micrographs of the single-track deposits produced on a Ti-6Al-4V alloy plate using various parameter combinations
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observations. The etched cross-sections were examined

under an optical microscope, and the micrographs are

presented in Fig. 5. The morphology, width, and depth of

the single-track deposits can be clearly observed from the

optical micrographs. At a power level of 50 W and scan

speed of 500 mm/s, the energy was sufficient to melt the

powder and a small portion of the base plate (10 µm).

When the scan speed was increased, the depth of the

melted region was observed to decrease and eventually

resulted in balling, which can be observed for the single

track made with 50 W, 1200 mm/s. This phenomenon

occurs due to the reduction in the energy density as the

scan speed was increased according to Eq. 1 [10]. The melt

pool depth was observed to increase significantly at lower

scan speeds (500 mm/s) and higher power levels particu-

larly from 100 W (depth: 45 µm) to 195 W (depth:

176 µm). The melt pool geometry was observed to have a

keyhole shape for the laser power of 195 W, whereas for

100 W it was bowl shape. This remarkable change in melt

pool shape with laser irradiation can be attributed to key-

hole versus conduction modes of melting. For lower laser

power, melting occurs by locally melting the alloy with

heat transfer by conduction and convection inside the melt

pool. In the later case, with a laser power of 195 W,

melting of the alloy occurs by keyhole mode, giving rise to

deeper penetration. Keyhole is always associated with

vaporization of the alloy and in many cases results in

entrapped pores in the melt pool [16]. The single tracks

with the parameter combinations of: 100 W—500 mm/s,

150 W—500 mm/s, 150 W—750 mm/s, 150 W—

1000 mm/s, 195 W—1000 mm/s, and 195 W—1200 mm/s,

have moderate energy input and provide consistent melt

pool shape with sufficient depth of penetration (two to

three layers deep). These parameters above when used with

a well-defined melt pool overlap could provide a window

of optimum processing conditions to produce fully dense

parts. It is worth noting that the heat affected zone size

close to the melt pool also varies with the energy density

applied.

The overall effect of process parameters on the width

and depth of the single-track deposits is presented in Fig. 6.

Laser power and scan speed have a significant effect on the

single-track melt pool geometry. The results in Fig. 6a

indicate for all power levels, an increase in scan speed

shows a decrease in bead width. An increase in laser power

results in an increase in the width, due to the increase in the

energy density. The effect of process parameters on the

depth of penetration can be observed from Fig. 6b. The

results indicate that both laser power and scan speed sig-

nificantly affect the amount of melting and the depth

penetration. When the energy density is high (high power

−low speed), the result shows a higher depth of penetration

and melting up to 175 µm (equivalent to six layers melted

Fig. 6 Variation of melt pool geometry on process parameters a bead

width, b depth of penetration and c depth-to-width ratio
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beneath). The effect of process parameters on the depth-to-

width ratio is presented in Fig. 6c. For depth-to-width

ratios around 0.37 to 0.6, it has at least 2–3 layers melted

below and can ensure proper welding with the substrate.

SLM can be considered very similar to laser welding, with

high power levels and slow scan speeds, and a conduction

mode similar to welding/deposition occurs, resulting in a

deeper melt pool [11, 16, 19, 20].

Bulk sample parts of dimensions 10 mm 9

10 mm 9 5 mm were fabricated using the parameters listed

in Table 1. The SLM-built sample parts were cut and

prepared for microstructural studies. The polished and

etched cross-section surfaces of the as-built bulk samples

are presented in Fig. 7. The effect of process parameters on

the porosity/density of the sample can be clearly observed

in Fig. 7. The samples made with parameters 50 W laser

power and different scan speeds reveal irregular shape

pores (dark) with sharp edges and also some unmelted

powder particles in the micrographs. The porosity was

observed to increase as the scan speed was increased.

These results have a good match with the single-track melt

pool observations. The sample with 100 W laser power and

500 mm/s scan speed resulted in full density, and as the

scan speed was increased the porosity in the parts showed a

rise due to insufficient melting of the powder. With the

higher laser power levels, 150 and 195 W, a scan speed of

500 mm/s showed round voids. The sample with 195 W

laser power showed larger pore sizes in the cross-sec-

tion. The formation of porosity in the deposits could be

derived from the keyhole-shaped melt pool that developed

while high power parameters were used. High energy

density causes the alloy to melt and vaporize in some local

regions; since the process is dynamic and quick, the vapors

cannot escape fully and become entrapped in the melt pool,

resulting in pores (which appear round) in the deposit

[16, 19–22]. However, the pores when formed towards the

top of the melt pool are not detrimental because re-melting

causes gas to escape out of that layer during subsequent

Fig. 7 Cross-section optical micrographs of the bulk samples showing variation in porosity based upon process parameters
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layer deposition. The pores formed deep inside, and in the

lower end of the melt pool, are more detrimental

[9, 11, 15, 19, 22]. Therefore, higher power and lower

speed should be avoided for overcoming such adverse

defects. The samples made with parameters: (i) 150 W and

scan speeds 750 and 1000 mm/s, and (ii) 195 W and scan

speeds 1000 and 1200 mm/s were fully dense.

The energy density gives an estimate of the energy input

to the SLM process. Energy density estimation applied in

SLM is calculated by using Eq. 1 and the values are pre-

sented in Table 2. The effect of energy density on the

porosity of the samples produced by SLM of Ti-6Al-4V is

shown in Fig. 8. The energy densities applied below 50 J/

mm3 show a significant amount of porosity due to insuf-

ficient melting of the powder particles, which could be

conceived from the shape of the porosity and presence of

sintered un-melted powder particles. The energy densities

applied higher than 66 J/mm3 also show some amount of

porosity due to higher energy resulting in keyhole effects

confirmed by the rounded shape of pores [9, 11, 19, 20, 22].

The red dotted region in the Fig. 8 with the energy density

values between 50 and 66 J/mm3 produced samples near to

full density.

As described earlier, in SLM material addition takes

place due to layer-by-layer melting and solidification of a

thin layer of spread powder. In this process, the laser beam

also re-melts some portion of the layers beneath to ensure

good bonding between the layers. The solidification of the

alloy begins with the formation of a β nucleus, and the pre-

existing β grains partially undergo melting and serve as

heterogeneous sites for nucleation. Thus, newly formed β
will grow epitaxially in the build direction or opposite to the

heat extraction [15, 23]. In close similarity to the weld

solidification, the solidifying β grains tend to orient towards

the moving heat source (laser beam), resulting in a slightly

tilted grain structure. Further, the β grain orientation in the

deposit highly depends on the laser power, scanning strategy

and scan speed applied. They define the amount of time

available for the melt to solidify at any particular instance of

time [24]. The solidified high-temperature β (bcc) phase is

unstable at lower temperatures and will transform (below

Ms) to a metastable phase, martensitic α′ (hcp) phase by a

shear-diffusion less reaction since the cooling rates in SLM

are high (108–105 K/s) [17]. Hence, the final resultant

microstructure will have coarse columnar grains, which are

highly oriented towards the build direction with martensite

α′ inside the grains [10, 17, 25]. Due to the inherent layer-

by-layer deposition method, as a new layer is being depos-

ited a narrow region (heat affected zone) close to the melt

pool boundary will reach temperatures above the transfor-

mation temperature (990 °C), and martensite (α′) transforms

back to the high-temperature β phase [12, 17, 25]. As the

laser beam traverses away, the high-temperature β phase,

under faster cooling conditions will transform to martensite

(α′). The martensite formed from re-heating of primary

martensite (α′) to β phase and transformed back to marten-

site will be from here on referred to as α′(secondary) and the

heat affected regions (areas colored in blue Fig. 10) result in

α´(tertiary). In other words, as the build progresses, the layers

will experience multiple thermal cycling effects which lead

to the formation of alternate areas of martensite α´(primary),

α´(secondary) and α′(tertiary) in the entire part [17]. A schematic

presented in Fig. 9 illustrates the evolution of microstructure

in the selective laser melted Ti-6Al-4V alloy. Although it is

difficult to draw a clear line between the three martensites

(α′(primary), α′(secondary) and α′(tertiary)) in the as-built part

Table 2 Calculated energy densities (J/mm3) for various parameters applied for producing bulk samples

Laser power (W) Scan speed (mm/s)

500 750 1000 1200

50 33 22 16 13

100 66 44 33 27

150 100 66 50 41

195 130 86 65 54

Fig. 8 Plot showing variation of porosity with respect to energy

density
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microstructures it is important to understand the

microstructural evolution of the alloy during the SLM pro-

cess. In summary, the part will have preferentially-oriented

epitaxial grains with high aspect ratio, with martensite.

A thermal simulation was also carried out for the

parameter 195 W and 1200 mm/s to estimate the temper-

ature distribution from the melt pool boundary into the

deposit. The temperature distribution plot defines the peak

temperatures experienced by the regions while a track of

material is being deposited. Therefore, the regions exposed

to a temperature above the β transus (990 °C) represent the

extent of heat affected zone converting to β. The theoret-

ically calculated temperature profiles through simulations

closely matched the experimentally observed values (20–

25 µm). To obtain the temperature distribution within the

heat affected zone, the equation of heat transfer has been

used as shown below [26, 27].

qCv

oT
ot

¼ K
oT
ox

þ oT
oy

þ oT
oz

� �
þ Q

where q is the density, Cv is heat capacity, K is the heat

conductivity, T is the temperature, and Q is the internal

heat generation per unit volume which can be calculated

by:

Q ¼
Z
v

qdv:

The heat flux q can be approximated by a Gaussian

function of laser energy:

q x; yð Þ ¼ 2AP

px2
e�

2 x2xþx2yð Þ
x2

where A is the absorptivity of laser energy, P is the laser

power, x is the radius of the laser beam, and xx and xy are

the distance between a point and the center of the laser

beam in x and y directions. The temperature ‘T’ is solved
along each time step of the single bead scan with the

consideration of nonlinear temperature dependent Ti-6Al-

4V thermo-physical properties. The solidus temperature of

the alloy Ti-6Al-4V corresponding to the melt pool

boundary is taken as 1873 K (1600 °C) [12, 27]. The melt

Fig. 9 A schematic illustration of microstructural evolution in a single-track, multi-layer, and multi-track, multi-layer Ti-6Al-4V SLM deposit

Fig. 10 Plot from simulated thermal cycle of the melt pool boundary

during deposition of a single track of Ti-6Al-4V alloy in SLM
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pool shape is obtained by tracking the material state using

3DSIM FLEX simulation software which solves the ther-

mal diffusion problem for a moving laser source step by

step. The temperature is recorded and outputted from the

center of a melt pool towards the transverse direction with

respect to the laser scanning direction. The temperature

distribution away from the melt pool is plotted as a func-

tion of distance from the melt pool, the plotted region is

indicated in Fig. 11.

The optical micrographs of the samples close to full

density are presented in Fig. 11. The microstructural fea-

tures show coarse columnar grains with martensite α′. The
prior β grains have their lengths running several millime-

ters, and the width of the grains was in the range of 80–

200 µm. The cross-section micrograph of the sample built

using 100 W, 500 mm/s showed minor amounts of rounded

porosity (0.4%). The samples built using 150 and 195 W

produced fully dense parts. The width of the grains was

observed to be wider in the case of slower scan speeds, i.e.,

the samples at the same 150 W laser power with 750 mm/s

showed higher grain width when compared to 1000 mm/s

ones. A similar trend was observed for the samples built

using 195 W with the scan speeds of 1000 and 1200 mm/s.

4 Summary

The present work focuses on the evolution of single-track

melt pools and porosity in parts made using SLM of alloy

Ti-Al6-4V. The single-track deposits were made using

Fig. 11 Typical optical micrographs of a vertical cross-section of the near full dense samples a 100 W, 500 mm/s, b 150 W, 750 mm/s, c 150 W,

1000 mm/s, d 195 W, 1000 mm/s and e 195 W, 1200 mm/s
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varying laser power and scan speeds, and their effects on

the melt pool morphology were studied. Microstructural

studies on the melt pool cross-section show that at a low

power level and high scan speed the width of the track

reduces, gradually becomes discontinuous, and eventually

results in balling. The depth of penetration of the melt pool

was observed to increase with the lower scan speed. At

higher power levels, in some cases a keyhole effect was

observed.

The bulk parts produced using parameters similar to

single-track deposits showed a direct correlation to the

energy density applied and the porosity evolution in the

process. Characterization of the cross-sections of the bulk

parts demonstrates a good correlation between the single-

track melt pool geometry and porosity in the bulk parts. It

was learned from this investigation that the process

parameters with low energy density and high energy den-

sity both result in porosity in the parts, however, due to

different reasons. The melt pool information of single-track

deposits could be an aid to select a process window

determining an optimum set of process parameters. SLM

processing parameters with 150 W, 750 mm/s and 195 W,

1000 mm/s and 1200 mm/s result in well-defined bowl-

shaped melt pools and contribute to near fully dense parts.

Therefore, these sets of parameters could be recommended

to produce denser parts in the Ti-6Al-4V alloy using

selective laser melting.
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