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The laser process parameters play an important role in the macro- and microstructures and tensile property of
titanium samples fabricated by selective laser melting (SLM). In this study, the effect of laser process parameters
on the density, surfacemorphology, dimensional accuracy,microstructure and tensile property of SLMed Ti6Al4V
parts was investigated. With the increase of laser power and decrease of scan speed, the densification increased
and the relative density showed reduced sensitivity to laser power under higher laser power (N175W). Themor-
phology of scan tracks on the top surface changed from clear and uniform mode to disordered mode with the
increase of scan speed. The marks of melt flow, molten pool overlap and adhered powder could be observed ob-
viously on the side surface. In the analysis of dimensional accuracy, the size shrinkage effect in the building
direction (z-axis) was discussed and the “periphery spreading effect” in horizontal direction (x-axis and
y-axis) was presented. Martensite α’ was the main constituent phase in SLMed Ti6Al4V samples. With the
increase of scan speed, the width of prior β grains decreased gradually and the formed α’ phase changed into a
relatively refined acicular shape. Conclusively, the relationship between microstructure and tensile property
was discussed and a relative high tensile property was obtained.

© 2018 Published by Elsevier B.V.
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1. Introduction

SLM technology is a promising technology to fabricate novel compo-
nents and structures with complex geometries [1–3]. For mass
production-scale, SLMhas an obvious advantage to compress the indus-
try chain and to reduce thewaste ofmaterials, especially as compared to
conventional materials removal methods [4]. SLM technology can be
used to fabricate three-dimensional fully functional parts from metal
powder by fusing the material in a layer by layer manner [5–7]. To
date, most of the SLM researches revolved around four types of metals:
titanium, iron, aluminum and nickel. These metals were selected due to
their widespread application and their advantages for SLM [8]. In the
last decade, the number of publications of SLM of titaniumwere second
to that of steel; especially Ti6Al4V had become the most commonly
researched metals due to their wide range of applications as well as
the relatively high performances obtained from the SLM process [9].
nce and Technology, Nanjing
et 29, Nanjing 210016, Jiangsu
As SLM is a layer-by-layer build technology, it provides numerous
opportunities to tailor the microstructure and subsequently the antici-
pated mechanical properties. However, the quality of SLM produced
parts is highly dependent on parameters applied in this process [10].
So, there is a need to optimize the process parameters from technolog-
ical view. By optimizing the process parameters, a correct adjustment of
parameters can be obtained and the quality of the SLMed parts can be
improved.Many researchers have conducted studies on the relationship
among process parameters, quality, microstructure and property of
SLMed parts. The development of the microstructure of the Ti6Al4V
alloy processed by SLM and the influence of the scanning parameters
and scanning strategy on this microstructure were studied by Thijs
et al. [11]. Song et al. [12] confirmed that process parameters played a
significant role in microstructure, roughness, densification and micro-
hardness of SLMed Ti6Al4V parts. Sun et al. [13] found that powder
thickness was the most significant influence in process parameters on
the density SLMed Ti6Al4V. Sample with density higher than 95% was
obtained and the microstructure of sample was mainly composed of α’
acicular martensite, α phase and β phase. The surface structure and
porosity of Ti6Al4V samples fabricated by SLM under different laser
scan speeds and powder layer thicknesses had been studied by Qiu
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et al. [14]. It was found that at a high laser power and a fixed powder
layer thickness (20 μm), the samples contained particularly low poros-
ity when the laser scan speeds were below 2700 mm/s. Shi et al. [15]
found that the high layer thickness played a key role on surface rough-
ness rather than tensile properties during the SLM process. The Ti6Al4V
tensile samples were fabricated by SLM under high layer thickness.
Although a sample with a relatively coarse surface was generated, the
average values of yield strength, ultimate tensile strength, and elonga-
tion were 1050 MPa, 1140 MPa, and 7.03%, respectively. The influence
of three process parameters (i.e. laser power, scan speed and hatch dis-
tance) on the relative density was studied by Li et al. [16]. Compared
with laser power, scan speed and hatch distance by taguchi method, it
was found that the scan speed had the greatest effect on the relative
density. Han et al. [17] investigated the relative densities and micro-
hardness in the optimized processing window. The alternation regular-
ity between the laser energy per unit volume and microstructure was
researched. The SLMed Ti6Al4V sample with a tensile strength of
1268 MPa, a yield strength of 1030 MPa, and an elongation of 4.2%
could be obtained by using the optimized range of the laser energy
per unit volume. Besides working on SLMed Ti6Al4V, Calignano et al.
[18] investigated the effect of three important SLM process parameters,
namely scan speed, laser power and hatching distance, on the surface
roughness of direct metal laser sintering (DMLS) processed aluminum
specimens. They found that the scan speed had the greatest influence
on the surface roughness of aluminum samples produced by DMLS
compared to other parameters such as laser power and hatching
distance. Abd-Elghany and Bourell [19] evaluated the part geometry,
dimensional tolerance, surface quality, density, mechanical properties
and microstructure of SLMed 304 L stainless steel under different layer
thicknesses and laser scan speeds. The results revealed that using
small layer thickness and low scan speed improved the tensile proper-
ties by N20%. From the above literature review, in order to enhance
the quality and performance of SLMed Ti6Al4V parts, the relationship
among process parameters, macro- and microstructures should be
further investigated. Among the process parameters, one of the most
important is the laser scan speed, because it directly affects the laser
energy density in the powder bed and the process time [20].

The macrostructures and microstructures were the macro and
micro characteristics of SLMed metal parts, respectively. Control-
ling macrostructures and microstructures of SLMed metal compo-
nent is the key for the quality control of SLM. The objective of the
present work is to investigate the influence of laser process param-
eters on the macrostructures (densification behavior, dimensional
accuracy) and microstructures (surface morphology of molten
pool and scan tracks). The samples with the best quality were
obtained by optimizing the process parameters. Martensite α’ was
the main constituent phase in as-fabricated Ti6Al4V samples. The
as-fabricated samples exhibited high tensile strengths (a tensile
strength of 1103.16 MPa) but poor ductilities with elongation
generally smaller than 5%.
Fig. 1. (a) FE-SEM images displaying the typical morphologies of the as-used T
2. Experimental procedures

2.1. Powder characteristics

In this study, the gas atomized Ti6Al4V powder with the size range
of 15–53 μm (D10: 23.23 μm, D50: 35.91 μm, D90: 50.11 μm) supplied
by TLS Technik GmbH was used. The powder has a spherical shape
and the morphology of powder is shown in Fig. 1 (a).

2.2. SLM process

The SLM 150 machine mainly consisted of an IPG Photonics Ytter-
bium YLR-500-SM fiber laser (IPG, Germany) with a maximal laser
power of 500 W and a focused laser spot diameter approaching
70 μm, an automatic powder paving apparatus, an inert argon gas
protection system and a computer system for process controlling.
Some cubic samples with the dimensions of 10 mm × 10 mm × 5 mm
and tensile specimens were fabricated on the pure Ti substrate plate.
The SLM process was conducted under argon atmosphere and the O2

content was maintained below 100 ppm. The SLM parameters of
cubic samples were listed as follow: laser power P = 100 W – 250 W,
scan speed v = 600 mm/s – 1200 mm/s, hatch space h = 50 μm and
powder layer thickness t=50 μm. The scanning strategy for the succes-
sive layers was inter-layer stagger and then orthogonal scanning strat-
egy (Fig. 1(b)) [21–23]. In order to fabricate the mechanical properties
test samples in optimum condition, the experiment was conducted
using the optimized parameter of the density test. A laser power of
225 W, scan speed of 600 mm/s, 1000 mm/s, 1200 mm/s, hatching
distance of 50 μm and powder layer thickness of 50 μm were used to
fabricate the standard tensile plates with dog bone shape.

2.3. Surface morphology

A scanning electronmicroscope (SEM)was applied to obtain the top
and side surface morphologies of SLMed Ti6Al4V samples.

2.4. Dimensional accuracy

SLM is a kind of manufacturing technology with the high forming
accuracy compared to traditional processing methods [24–26]. There are a
lot of factors that can influence the dimensional accuracy, includingmelting
ofmetal powder, spatter ofmoltendropandflowofmoltenpool. In fact, the
dimensional error can be used as a visual and convenientmodel to evaluate
the dimensional accuracy of SLMed parts. The dimensional errors in hori-
zontal direction (x-axis and y-axis) and building direction (z-axis) were
measured, respectively. The dimensional error was calculated using:

de ¼ xm‐xdð Þ=xd ð1Þ

where the xm was the measured value and xd was the designing value.
i6Al4V powder; (b) the schematic presentation of laser scanning strategy.
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2.5. Microstructural evolution

For microstructural observation, the SLMed Ti6Al4V samples were
first ground using the SiC grinding paper up to 5000 grit size and
polished using SiO2 slurry. The polished surfaces were etched by Korll
reagent (H2O: HNO3: HF = 1 mL: 3 mL: 50 mL). An optical microscope
(OM) was used to observe the interlayer macrostructure and micro-
structure characterization on cross-sections of cubic parts.

Phase identificationwas conducted by X-ray diffraction (XRD) using
aD8Advance x-ray diffractometer (Bruker AXSGmbH, Germany), using
a continuous scan mode. A scan at 5°/min was conducted over a wide
range of 20–90° and a general overview of the diffraction peaks was
obtained.

2.6. Tensile properties tests

Ultimate Tensile Strength and Elongation (%) of SLMed Ti6Al4V sam-
ples were achieved from the tensile tests according to GB/T 228.1-2010
standard. A tensile testing machine (MTS E45.105) with 0.2 mm/s test
speed was used. Subsequently, the tensile fracture morphology was
observed by SEM.

3. Results and discussion

3.1. Densification behavior

Densification behavior is one of the most important aspects during
SLM process which needs to be analyzed in depth, because it has a sig-
nificant influence on the performance of the SLMed components. The
densification behavior is affected by many process parameters, while
this work is focused only on the effect of laser power P and scan speed
v. The relative densities of all samples were measured and depicted in
Fig. 2. As a whole, with the increase of laser power and the decrease of
scan speed, the relative density of SLMed Ti6Al4V parts grew. The high
density of SLMed Ti6Al4V parts could be obtained under high laser
power and low scan speed, which could be up to 99%. Furthermore,
when the laser power was set as 175 W, the relative density of SLMed
parts grew rapidly with the increase of laser power, however, the rela-
tive density increased slowly over 175 W. The relative density showed
reduced sensitivity to laser power under higher laser power. In the
region of low laser power (b150 W), the energy density during SLM
process was not large enough to melt Ti6Al4V powder, the width of
the molten pool was small, which resulted in an insufficient overlap
between the scan tracks. The insufficient overlap was a cause of forma-
tion of the unmelted powder between the scan tracks. In the melting
process of a new layer, it became difficult to fully remelt these powder.
Fig. 2. Relative densities of the SLMed Ti6Al4V parts with different process parameters
corresponding to macrostructure images.
As a consequence, incomplete fusion holes were formed and remained
in the SLM fabricated part.

The layerwise macrostructures on cross-sections of SLMed Ti6Al4V
parts fabricated under different scan speeds were observed (Fig. 3).
When laser power P was 225 W, with the increase of scan speed, the
density of SLMed Ti6Al4V part decreased sharply owing to the dramatic
increase of interlayer pores. When scan speed was lower, the tempera-
ture of molten pool was generally high due to the intense laser energy
density. In this case, the complete fusion of the Ti6Al4V powder was ob-
served and the melt spreaded completely. At a relatively high scan
speed, the energy input was too low to fully melt the powder and the
molten pool underwent a significant disturbance and even interruption,
generating a discontinuous molten pool. Consequently, it was difficult
to fill completely the pores between layer and layer, hence causing
interlayer pores and a limited densification response (Fig. 3(d)). In
addition, the presence of discontinuity scan tracks and cave-like pores
on the top surface improved the surface roughness. Then, the increased
surface roughness could cause inhomogeneous powder spreading and
distribution of the subsequent layers, causing the inconsistent melt
flow and melt pool, and thus high porosity.

3.2. Surface morphology

Surface morphology is a significant microstructure characteristic that
can evaluate the quality of SLMed parts. The top surface morphologies of
the SLMed Ti6Al4V are shown in Fig. 4. When the laser power P was
225W and scan speed vwas 600mm/s, a clear and uniform liquid solid-
ification frontwithout balling phenomenonwas observed on the top sur-
face (Fig.4(a)). When the laser power was kept constant (P = 225 W)
and the scan speed increased to 800 mm/s, although the scan tracks
became irregular, it was still visible as shown in Fig. 4(b). At
1000 mm/s, the incomplete spreading on the top surface was observed
(Fig. 4(c)).When the scan speed further increased to 1200mm/s, the liq-
uid solidification front became considerably disordered. Interrupted scan
tracks and small size balls (“balling” effect) were observed on the top
surface. Besides, more pores were appeared on the top surface and
some unmelted powder could be observed in pores (Fig. 4(d)).

Fig. 5 illustrates the typical side surface morphologies of the SLMed
Ti6Al4V parts fabricated at 600 mm/s and 1200 mm/s. When the laser
power P was 225 W, the side surface of SLMed Ti6Al4V part at a low
scan speed of 600 mm/s was completely dense. Continuous scan tracks
and regular overlap of molten pool were observed obviously (Fig. 5(a)),
although a number of unmelted powder attached on the side surface.
When scan speed reached 1200 mm/s, some interlayer pores and a
large amount of balls were observed at the surface (Fig. 5(b)). The over-
lap of molten pool could not be observed and the marks of melted flow
changed from regular mode to disorderly mode. The presence of a large
of balls and disorderly marks of melt flow resulted in a poor surface
quality.

From the above observation, the SLMparameter of scan speed signif-
icantly affected the top and side surface morphology of the SLMed
Ti6Al4V samples. Fundamentally, a higher scan speed led to a shorter
dwelling time of laser beam and attendant a lower temperature in the
molten pool. The relationship between dynamic viscosity μ and temper-
ature T could be evaluated by Iida and Guthrie [27]:

μ ¼ 16=15ð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
m=KT

p
σ ð2Þ

where m is the atomic mass, σ is the surface tension of Ti6Al4V liquid
and T is the temperature of molten pool, a lower molten pool tempera-
ture resulted in a higher viscosity. Based on Eötvös ‘s results [28], the
surface tension σ could be calculated by means of the following equa-
tion:

σ ¼ K Tc−Tð Þ M=ρð Þ‐23 ð3Þ



Fig. 3. OM images showing interlayer macrostructures on cross-sections of SLMed Ti6Al4V parts under different scan speed (P= 225W): (a) 600 mm/s; (b) 800 mm/s; (c) 1000 mm/s;
(d) 1200 mm/s.

Fig. 4. Top surface morphologies of SLMed Ti6Al4V parts under different scan speed (P = 225 W): (a) 600 mm/s; (b) 800 mm/s; (c) 1000 mm/s and (d) 1200 mm/s.
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Fig. 5. Side surface morphology of SLMed Ti6Al4V parts fabricated at various scan speeds (P = 225 W): (a) 600 mm/s and (b) 1200 mm/s.

Fig. 6.Dimensional errors in different direction at various process parameters (P, v): (a) in
x-axis direction; (b) in y-axis direction and (c) in z-axis direction.
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where M is the molecular weight of liquid, ρ is the density of Ti6Al4V
liquid, Tc is the critical temperature and T is the molten pool tempera-
ture. The surface tension increased with the reducing of molten pool
temperature. Actually, the high viscosity and surface tension of molten
pool resulted from the higher scan speed could lead to an unstable
flow on the top surface (Fig. 4(b) (c) (d)) and more adhesion of
powder on the side surface (Fig. 5(b)).

Besides that, higher scan speed also led to a larger temperature gradient
in themoltenpool, and consequently amore intenseMarangoni convection
and liquid capillary instability were presented in the molten pool [29].

3.3. Dimensional accuracy

Dimensional accuracy is an importantmacro characteristic of SLMed
parts. As shown in Fig. 6(a) and (b), the dimensional error in horizontal
direction (x-axis and y-axis) rose rapidly with the increase of laser
power. A lower scan speed also led to a higher dimensional error in hor-
izontal direction (x-axis and y-axis). The variation of the dimensional
errors in horizontal direction (x-axis and y-axis) induced by change of
scan speed was larger at low scan speed, however, the data of dimen-
sional errors in horizontal direction (x-axis and y-axis) showed a con-
centrated distribution when scan speed was comparatively high. The
degree of melting got higher as the laser power increased in building
direction (z-axis direction), resulting in a stronger shrinkage effect
and a final large dimensional error (Fig. 6(c)). At low scan speed of
600mm/s and 800mm/s,with the increasing of laser power, concentra-
tion of dimensional error in z-axis direction got stable which showed
the Ti6Al4V powder had been fully melted and spreaded.

The key to forming quality assurance is the fusion of metal powder
during SLM process [30,31]. In rapid prototyping technology, the
metal powder is heated, melted and subsequent spreading under the
radiation of laser beam. These processes play a significant role in the
dimensional errors of SLMed Ti6Al4V cubic samples in horizontal direc-
tion and building direction.

In horizontal direction (x-axis or y-axis), the positive value of the di-
mensional error was measured. The edge of as-built Ti6Al4V part was
observed when the laser power P was 225 W and the scan speed v
was 600 mm/s as shown in Fig. 7(a). The “periphery spreading effect”
caused by melt spreading occurred on the edges of the SLMed Ti6Al4V
samples (Fig. 7(b)). As shown in Fig. 7(a), the continuous scan tracks
and molten pool located at the edge of SLMed Ti6Al4V part were
observed clearly. Near the edge of the samples, as a result of the exis-
tence of gravity, Fig. 7(a) presented obviously the tendency that the
melt flow from inside to outside, which corresponded to the “periphery
spreading effect” (Fig. 7(b)). According to the discussion all above, the
low surface tension σ and dynamic viscosity μ played a positive role in
melt flow and the attendant high dimensional accuracy in horizontal di-
rection (x-axis or y-axis). With a relatively low scan speed, the higher
energy density led to a lower surface tension σ and dynamic viscosity
μ, leading to the liquidity of melt increasing in horizontal direction



Fig. 7. (a) Side surface morphology of SLMed Ti6Al4V parts fabricated at v = 600 mm/s and P = 225 W and (b) the schematic showing the powder adhesion phenomenon and the
“spreading effect” of the edge of SLMed part.
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(x-axis or y-axis). The “periphery spreading effect” becamemore signif-
icant when the scan speed was high. In addition, the powder adhesion
and the “balls” phenomenon could increase the dimensional error in
horizontal direction (x-axis and y-axis).

The gap between powder particles would be filled under the laser
irradiation, resulting in the shrinkage in building direction (z-axis). The ac-
tual forming thickness of each layer was less than that of the powder lay-
ing. The relatively worse accuracy building direction could be ascribed to
the shrinkage of the each powder layer [32]. The shrinkage rate d (ΔL/
L0)/ dt during SLM solidification could be evaluated by Zhu et al. [33]:

d ΔL=L0ð Þ=dt ¼ ΔPW=2Rμ ð4Þ

where Δ P is the capillary pressure, R the grain radius,W the liquid thick-
ness and μ is the viscosity of the liquid. Combining Eq. (2) with Eq. (4),
when using a lower scan speed and a higher laser power, the lower
dynamic viscosity of Ti6Al4V liquid was obtained, resulting in the higher
dimensional error in building direction (z-axis). As the scan speed in-
creased to higher values, the unstable melt flow, higher dynamic viscosity
Fig. 8. Cross-sectional microstructure of SLMed Ti6Al4V parts fabricated at different scan sp
and surface tension led to higher surface roughness which could compen-
sate the shrinkage effect in building direction (z-axis). In addition, the
balling phenomenon and the incomplete spreading on the samples surface
had some effects on the compensation for the shrinkage effect in building
direction (Fig. 4(d)). The extremely rapid melting/ cooling stages during
the Ti6Al4V SLM process offered a transformation of martensite which
could influence the dimensional error in building direction (z-axis) [34].

3.4. Microstructural evolution

The characteristic crystalline structures of SLMed Ti6Al4V parts
developed under various scan speed conditions are shown in Fig. 8.
Elongated grains were observed growing through the SLM layers (50
μm). Furthermore, martensite plates were visible within the elongated
grains, as reported in the previous studies [11,35–38]. Obviously,
when laser power was kept constant (P = 225 W), a relatively low
scan speed and attendant high energy input resulted in coarse prior
β grains. A lot of martensite plates formed in the inner part of these
coarse prior β grains. With the increase of scan speed, the width of
eeds (P = 225W): (a) 600 mm/s; (b) 800 mm/s; (c) 1000 mm/s and (d) 1200 mm/s.



Fig. 9. XRD spectrum of SLMed Ti6Al4V parts using different process parameters obtained
over a wide range of 2θ = 20–90° (a) and in a small range of 2θ= 40–41°.
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prior β grains decreased gradually and the formed α’ phase changed
into a relatively refined acicular shape.

Fig. 9(a) shows theXRD spectrumof SLMed Ti6Al4V at different scan
speeds (P = 225 W). The XRD spectrum exhibited the characteristic of
the hexagonal close-packed (hcp) structure of Ti including α and α’.
Here, the standard diffraction peaks for hcp Ti (α phase), located at 2θ
=38.455° and 2θ=40.251°, were taken for a comparison. The 2θ loca-
tions of the diffraction peaks of all Ti6Al4V samples fabricated by SLM
for hcp Ti generally shifted to higher 2θ. These hcp Ti diffraction peaks
corresponded to martensitic α′ phase. There were no obvious peaks of
β phase found in these samples. So martensite α′was the main constit-
uent phase of SLMed Ti6Al4V samples. Fig. 9(b) shows the details of
XRD spectrums of SLMed Ti6Al4V at different scan speeds. The peaks
slightly shifted towards low diffraction angles with increasing scan
speed. As we all know, Al and V act as substitutional solutes in α’-Ti ma-
trix, and their radii (0.143 nm for Al and 0.132 nm for V) are smaller
than that of Ti (0.147 nm) [39]. A low scan speed of 600 mm/s could
lead to a longer dwelling time of the laser beam on the surface of melt
pool, thereby giving excessive energy to the pool and elevating temper-
ature of molten pool significantly. The higher solid solubility of Al and V
could be obtained in the α’-Ti matrix. Therefore, the lattice parameters
of α’-Ti became smaller and the corresponding diffraction peaks shifted
to higher angles with the decrease of scan speed.
Fig. 10. Stress-Strain curves for SLMed Ti6Al4V samples fabricated at different scan speed
(P = 225 W): 600 mm/s; 1000 mm/s and 1200 mm/s.
3.5. Tensile properties and fracture mechanisms

The stress-strain curves of SLMed Ti6Al4V plate samples
fabricated at various scan speeds of 600 mm/s, 1000 mm/s and
1200 mm/s (P = 225 W) are shown in Fig. 10. It could be seen that
the SLMed Ti6Al4V samples generally showed high ultimate tensile
strength (UTS), which were found to be obviously superior to that of
the standard materials from the ASM Materials Properties Handbook
[40]. However, the SLMed Ti6Al4V samples exhibited fairly low elonga-
tions, whichwerewell below that of wrought Ti6Al4V alloy (about 10%)
due to the existence of inner defects and non-equilibrium martensitic
phase α’. Remarkably, an optimal process parameter of SLMed Ti6Al4V
(P = 225 W, v = 600 mm/s) was achieved, corresponding the highest
tensile strength (1103.16 MPa) and elongation to break (4.09%).

To better understand the tensile fracture mechanism and the frac-
ture regulation of SLMed Ti6Al4V samples fabricated at various scan
speeds, an investigation on the tensile fracture surfaces has been carried
out. The representative tensile fracture surfaces of SLMed Ti6Al4V sam-
ples are shown in Fig. 11. As shown in Fig. 11(a), the fracture surfaces of
the SLMed Ti6Al4V samplewith the scan speed of 600mm/s exhibited a
mixed mode of the brittle and ductile fracture, showing predominant
dimple network and cleavage plane. Cleavage fracture is a low energy
brittle fracture which propagates along low index crystallographic
planes [41]. The number and shape of thedimples on the tensile fracture
surface indicated the extent of plastic deformation. Even though some
dimple networks existed on the fracture surface of SLMed Ti6Al4V sam-
ples in the present work, the number and intensity of dimples was very
low, in addition, the heterogeneous distribution of dimples was
observed. The characteristic of surface fracture was well consistent
with the tensile testing results.

An obvious difference can be observed in the fracture surface
appearance of the SLMed Ti6Al4V samples with different scan speeds
(P= 225W). By contrast, at the scan speed of 1000 mm/s, the fracture
surface of SLMed Ti6Al4V sample was characterized by uncombined
regions and some dimple networks. These dimples presented more
irregular shape comparedwith Fig. 11(a). The formation of uncombined
regions were due to the selected inappropriate process parameters.
A microcrack was observed in the uncombined region of fracture sur-
face (Fig. 11(b)). As shown in Fig. 11(c), themost striking characteristic
of the fracture surface was the presence of a number of unmelted pow-
der. At a high scan speed of 1200 mm/s, the low laser energy density
cannot be enough to melt the powder completely. The unmelted pow-
der and uncombined region reduced the tensile property significantly.
With the exception of these regions, the fracture surface of binding
region was characterized by high-density dimple network. With the
increase of scan speed, the width of prior β gradually decreases. The
fine prior β was benefit to the ductility of SLMed Ti6Al4V parts, thus
the high-density dimple networks with regular shape were observed.
In general, the fracture of SLMed Ti6Al4V parts showed a mixed mode
of brittle and ductile fracture. High tensile strength (1103.16 MPa)
and comparably low elongation (4.09%) were obtained.



Fig. 11. Tensile fracture surfaces of SLMed Ti6Al4V samples fabricated at various scan speed (P = 225 W): (a) 600 mm/s; (b) 1000 mm/s and (c) 1200 mm/s.
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4. Conclusions

The SLM manufacturing of Ti6Al4V samples has been carried out
with a double objective: (1) determining the relationship among pro-
cess parameter, macro- and microstructures, (2) investigating the ten-
sile behavior and failure mechanisms on as-built samples.

After analysis of the macro- and microstructures of SLMed
Ti6Al4V parts, it can be determined that with the increase of laser
power and decrease of scan speed, the density increased and showed
reduced sensitivity to laser power under higher laser power
(N175 W). The scan tracks on the top surface morphology changed
from clear and uniform mode to disordered mode with the increase
of scan speed. In addition, a higher scan speed led to the “balls” phe-
nomenon. On the side surface morphology, the melt flow, overlap of
molten pool and balls could be observed obviously. In the analysis of
dimensional accuracy, the size shrinkage in the building direction (z-
axis) was discussed and the “periphery spreading effect” in horizon-
tal direction (x-axis and y-axis) was presented on the base on melt
flow. XRD showed the martensite α’ was the main constituent
phase in SLMed Ti6Al4V samples. With the increase of scan speed,
the width of prior β grains decreased gradually and the formed α’
phase changed into a relatively refined acicular shape.

The last part was focused on laser scan speed to deliver the best ten-
sile property. The tensile property of as-built samples became worse
with the increase of scan speed. When the laser power was 225 W
and the scan speed was 600 mm/s, a high tensile strength
(1103.16 MPa) and a comparably low elongation (4.09%) were ob-
tained. The fracture surfaces SLMed Ti6Al4V samples exhibited a
mixed mode of brittle and ductile fracture.
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