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Quantitative study of geometric characteristics and
formation mechanism of porosity defects in
selective laser melted Ti6Al4V alloy by micro-computed tomography
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Abstract: The defects formed inside the additive manufactured (AM) part have a detrimental effect on the mechanical
performance of the printed component. The effect of defects on the performance of parts varies with their geometry
features. The characteristics of porosity defects in 36 bulk Ti6Al4V specimens with different printing parameters were
investigated via X-ray computed tomography (XCT). The porosity defects are classified into four types: spherical-
shaped, elliptical-shaped, elongated-shaped and irregularly-shaped pores, based on their geometric characteristics.
Elongated-shaped defects account for the largest proportion of defects with all printing parameters, and the proportion
of irregularly-shaped defects enhances with the increase of scanning speed. The characteristics of gradual accumulation
of defects in single-track and multi-track samples were also analyzed. Porosity may gradually accumulate with the
overlay of layers, while the appropriate overlapping rate may melt the pores between the tracks. The formation of
defects is greatly influenced by surface roughness and pool wetting.

Key words: selective laser melting; X-ray computed tomography; porosity defect; 3D geometric morphology;
formation mechanism; Ti6Al4V alloy

However, a series of complex non-equilibrium

1 Introduction

Selective laser melting (SLM) is one of
the most mature processes in metal additive
manufacturing (AM) based on layer-by-layer
fabrication. Due to the characteristics of fast
speed, and small spot diameter [1], SLM enables
to produce complex-geometry components with
design flexibility, high performance, and multi-
functionalization. Till now, SLM has been applied
in aerospace, biomedicine [2], and other fields. Its
forming materials include stainless steel [3],
titanium alloy [4,5], magnesium alloy [6,7], and
superalloy [8].

physical and chemical metallurgical behaviors will
occur during SLM [9], and the unstable molten
pool will inevitably cause defects in samples [10].
Defects in SLM generally include pores [11],
unfused power defects [12,13], balling, spatters [14]
and cracks [15], etc. The defect characteristics are
dependent on the processing parameters [16—18],
which have different effects on the mechanical
properties [19—22]. In order to characterize these
defects [23], the advantages of computed tomo-
graphy (CT) technology in the non-destructive test
of complex parts and defect detection are becoming
more prominent [24,25]. This technique can provide
the internal structure of materials and the three-
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dimensional (3D) visualization of defects [26,27].

Based on this technique, some researchers
have paid attention to the influence of processing
parameters on the 3D defects. ELAMBASSERIL
et al [28] compared the defect characteristics of
cylindrical rods by means of X-ray micro computed-
tomography (XCT). They found that there was a
strong correlation between the characteristics of
lack of fusion (LOF) defects and construction
height. Similarly, the distribution of defects in metal
AM samples and the correlation between defect
characteristics were explored by SANAEI et al [29].
STEF et al [30] used XCT to show that LOF defects
caused by the low energy around the laser spot is
the main mechanism of pore formation.

In order to deeply study the formation
mechanism of defects in SLM, the defect formed
in a single track or layer was investigated [31,32].
XIANG et al [33] used XCT to study the effect of
linear energy density (LED) on the single-track
porosity of Inconel 625 alloy. The results showed
that the porosity increased with increasing LED
in the keyhole mode. Furthermore, SHRESTHA
et al [34] characterized the pore defects formed
during the single track of SLM via XCT, showing
that the laser power has a greater influence on the
pore number and volume than the scanning speed.
However, there is no uniform conclusion on the
quantitative and qualitative relationship between
the 3D morphology of defects and processing
parameters. The better application of XCT to
characterize the gradual accumulation of single-
track and multi-track defects during SLM is of
great significance for better understanding their
formation mechanism [35,36].

In this study, high-resolution XCT and
scanning electron microscope (SEM) were used to
characterize the defect characteristic information in
the samples. Single-track, multi-track, and bulk
samples were prepared with different processing
parameters. The evolution of defects under different
processing parameters during SLM was obtained.
Following this, the mechanism of defect formation
was also discussed based on melt viscosity, melt
flow, surface tension, and temperature gradient.

2 Experimental

2.1 Materials and additive manufacturing
The powder used in the study was the gas

atomized Ti6Al4V (Ti—6wt.%Al-4wt.%V) alloy
produced by Bright Laser Technologies. The
composition of the main chemical elements
measured by ICP is given in Table 1. 3D images
obtained by CT in Fig. 1(a) show that Ti6Al4V
powders have a spherical morphology. The laser
diffraction size analyzer (Mastersizer 2000,
Malvern Instruments, UK) was also used to
characterize Ti6Al4V powder, and its particle size
distribution was D1o=17.67 um, Ds¢=35.10 um, and
D9p=58.07 um. Figure 1(b) compares the particle
size volume fraction results using a laser analyzer
and CT.

The SLM equipment used in this study was
Prox—200 from 3D systems, which utilized the fiber
laser with a spot diameter of 75 pm. The maximum
power of the laser was 300 W, and the maximum

Table 1 Chemical composition of Ti6Al4V powder
(wt.%)

C (@) N H Al v Fe Ti
0.007 0.085 0.05 0.003 595 3.72 0.15 Bal

Cubic length: 0.6 mm

(@)

* Diameter/ um

H 61.05
55 ] i 36.48
0.5 mm 0
18 —
16+ (b) Bl Laser analyzer

OCT

Volume fraction/%

10 20 30 40 50 60

Particle size/um
Fig. 1 Characteristics of Ti6Al4V powder: (a) CT
analysis; (b) Particle size distribution measured by laser
analyzer and CT
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scanning speed was 5000 mm/s. During SLM
processing, argon with a purity of 99% was used as
the protective gas to ensure that the oxygen content
was below 5x1072wt.%, minimizing the oxidation
of metal materials under the high-temperature
conditions.

2.2 Methods

Before the experiment, the powder was
preheated for 6 h in the vacuum oven at 80 °C to
prevent residual moisture in the powder from
causing too many defects in the parts. The
processing parameters of cubic samples selected
in the experiment are listed in Table 2, with laser
power P and scanning speed V as variables, and the
powder thickness for each layer was 30 um. Cubic
samples with dimensions of 4 mm x 4 mm x 5 mm
were printed on 126 mm X 126 mm % 5 mm substrate
using SLM technique. The scanning direction was
rotated by 90° for each layer scanned by the laser,
and the samples were formed on the z-axis.
Thereafter, the samples from the
substrate and numbered consecutively for further
characterization.

were cut

Table 2 Processing parameters of cubic samples
Value
120, 150, 180, 210, 240, 270

800, 1000, 1200,
1400, 1600, 1800

Processing parameter

Laser power/W

Scanning speed/
(mm-s™)

In order to reveal the formation mechanism of
the gradual accumulation of porosity defects in the
processing of SLM, the single-track single-layer,
multi-track single-layer and multi-track multi-layer
samples studied and characterized
following the bulk sample experiment. As given in
Table 3, these laser processing parameters were
chosen when preparing the single-track single-layer,
and multi-track multi-layer samples. Closely
packed tracks with varying hatch spacings from
40 to 80 um were scanned to generate several
multi-track samples. All the single and multi-track
samples were 8 mm in length and deposited using
only one scanning vector for each layer. Macro-
scopic appearances and molten pool characteristics
of the single tracks were observed using SEM (FEI
Nova Nano SEM 450) and LOM (Light optical
microscope, OLYMPUSDP71).

were also

Table 3 Processing parameters of single and multi-track

samples
Processing parameter Value
Laser power/W 150, 180, 210

Scanning speed/
(mm-s™")
Number of tracks

800, 1000, 1200,
1400, 1600, 1800

2,4,6,8

Number of layers 2,4,6,8

2.3 XCT characterization

The micro-CT equipment in this work was
provided by North Star Imaging (NSI) Company.
The equipment is composed of three parts: a
225 kV X-ray source with a minimum focal spot
size of ~2 um, a sample table, and a Perkin Elmer
flat panel detector (2048 x 2048 pixels in 16-bit
depth image). During the measurement, the sample
was irradiated with a cone beam of X-ray. When the
sample rotated over 360°, 1440 projected images
(step length of 0.25) were obtained with an
exposure time of 1000 ms at each position. In this
experiment, XCT was performed using a target
current of 30 pA and an accelerating voltage of
120 kV. Then, the projections were reconstructed
via efX-CT software with ring reduction and beam
hardening correction. The final voxel size of the
3D images was 2.3 um x 2.3 um x 2.3 pm. The
reconstructed slices were imported into Avizo 9
software (Thermofisher, USA) for qualitative and
quantitative analysis as well as 3D rendering, and
then the volume, size, spatial distribution and
geometry morphology of porosity defects were
obtained by statistical analysis [37].

3 Results

3.1 3D characterization of defects in cubic

samples via XCT
3.1.1 Porosity and morphology characteristics

In the processing of SLM, the complex
physical phenomena such as powder melting and
pool wetting were mainly dominated by heat
transfer. Energy transfer affected the fusion level
and solidification rate of metal powder and the
input energy directly or indirectly affected the
formation of pores, balling, cracks, and other
defects AM parts.
introduced the energy density (Dg, J/mm®) as a
processing variant [38], which includes several

in the Many researchers
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significant processing parameters as defined in
Eq. (1):

P
B v-h-t

D, (1)
where P is laser power (W), v is scan speed (mm/s),
h is hatch spacing (mm) and ¢ is layer thickness
(mm).

Under certain hatch spacing and layer
thickness, the combination of different laser power
and scanning speed can produce different energy
density. Figure 2 shows the defect morphology
characterized by XCT of SLM-manufactured
Ti6Al4V cubic samples with different laser powers
and scanning speeds in this work. The image can be
divided into three regions: keyhole defect zone,
optimal parameter zone and LOF defect zone,
based on the number and geometry features of the
pores. There are seven parameters of XCT pore
characterization in these three regions. A1, A2, and
B1 samples were formed under the parameters of
high power (>210 W) and low scanning speed
(<1200 mm/s). The energy density input on the
powder bed is larger at this time, and the solubility
of the gas in the molten pool is higher. Further, with
the cooling of the molten pool, the solubility of gas
decreases, which increases the possibility of gas
residue. Thus, it is easy to form keyhole defects
whose 3D morphology is usually spherical and less
than 100 pm in size.

However, in the area of low laser power
(<180 W) and high scanning speed (>1200 mm/s),
due to the lack of input energy, the incomplete
melting of the powder leads to the formation of

2989

LOF defects. LOF defects are a common type of
defect in Ti6Al4V manufactured by SLM. They are
often associated with unmelted powder particles
and pores formed by insufficient melting, mainly in
the form of irregular strip or open area defects, and
sometimes intermittent spots. The lack of energy
input in the processing of SLM and the lack of laps
in the molten metal can give rise to this kind
of defect, which has a great influence on the
mechanical properties of the AM parts [39,40].

As shown in B2, Dland E1 samples in Fig. 2,
LOF defects are usually large and perpendicular to
the z direction (construction direction) of the AM
part. In the place where the LOF defects have been
formed, with the subsequent deposition processing,
the surface quality of the defects is poor, which
makes the defects gradually expand upward and
ultimately a larger layer defect is formed. Table 4
gives different processing parameters and pore
information via XCT of seven Ti6Al4V samples
manufactured by SLM. Sample CI has the lowest
number of pores and the highest density (99.92%)
among all the samples. As the energy density
decreases gradually, the porosity of the sample
decreases at first (such as Al, A2, and B1 samples)
and then increases (such as Cl, D1, and El
samples).

3.1.2 Pore orientation and surface curvature

Since the SLM is a layer-by-layer forming
process, the change in orientation of internal pores
in Ti6Al4V samples is associated with the z
direction [41]. Figure 3(a) displays a unit ball with
a radius of 1, where 8 [—180°, 180°] and ¢ [0°, 90°]
are two angles that describe vector r. ¢ represents

Al
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Fig. 2 Defect morphology of SLM Ti6Al4V cubic samples with different laser powers and scanning speeds
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Table 4 Processing parameters and pore information by
XCT of SLM Ti6Al4V samples

Sample power/  speed deneiy, PO Porosiy/
W (mms!) @mmd) U %
Al 270 800 1324 3828  0.68
A2 210 800 1209 2780 0.32
Bl 240 1200 784 1426 023
Cl 210 1400 588 17 0.8
B2 120 1200 392 9013 275
DI 150 1600 368 7176 15
El 120 1800 261 15031 5.7

z
(a) (b) ;
y
b Frequency/% %
.

(d).

Fig. 3 Azimuthal and polar angles (a) and orientation

contour plots of all internal pores in SLM-manufactured
Ti6Al4V samples with P=120 W, v=1800 mm/s (b), P=
210 W, v=1400 mm/s (c¢) and P=270 W, v=1200 mm/s (d)

the angle between vector r and z-axis. The end of
vector r is on the sphere. The long axis of all pores
can be regarded as vectors, and all the vectors in
each sample are projected on the xoy. Thereafter the
orientation contour plot is obtained (Fig. 3). Each
bright spot represents the position of orientation,
and when the pore orientation is at the origin
position, it means that the direction of the pore is
parallel to the z-axis. Moreover, the orientations
with high frequency are shown in red and the lower
ones are in blue. When laser power is 120 W and
the scanning speed is 1800 mm/s (Fig. 3(b)), the
highest concentrations are found close to the edge
of the image, illustrating that internal pores are
mostly oriented perpendicular to the construction
direction, indicating the LOF defects. Figure 3(c)
shows a small number of LOF defects at P=210 W,
and v=1400 mm/s. When the laser power is 270 W

and the scanning speed is 1200 mm/s (Fig. 3(d)),
the highest concentrations are found between the
origin and the circumference, which shows that
most of the pores are inclined, not parallel or
vertical. The above analysis proves that the
orientation of pores is also related to the selection
XCT

characterization of pores in a 3D direction is more

of processing parameters, and the

convincing than 2D metallographic analysis.
Surface curvature can quantitatively describe
the 3D characteristics of the defects, and the
of defects affects the mechanical
properties of the AM part, such as crack formation
and propagation [42]. The data from XCT were
reconstructed and created as voxel-based surfaces
for porosity defects inside the samples. The entire

curvature

surface was replaced by a triangular approximation.
Then, the curvature value of the two directly
adjacent triangles on the surface was calculated, and
the initial curvature value was averaged four times
with the curvature value of the directly adjacent
triangle. Thus, the smooth initial curvature value
was obtained. Each surface can be represented by
two principal curvature values k; and k> [43], from
which the mean curvature (/) and the Gaussian
curvature (K) are obtained as follows:

H=1/2(k1+k2) (2)
K=kik; (3)
Figure 4(a) shows the interfacial shape

distribution (ISD) based on the principal curvature
distribution (ki1, k2). ISD is realized by using the
contour plots generated by 3D probability plots.
The map shows different interface areas and
corresponding shapes. We can get the following
specific information:

(1) The curvature on the line ki=k, indicates
that the pore surface has spherical interfacial shapes,
which can be convex (/4>0) or concave (H<0).

(2) When the curvature is at £&1=0 (k>>0), the
pores have cylindrical shapes.

(3) Curvatures with k>0 and k>>0 are defined
as upward convex pore surfaces (corresponding to
Area 1).

(4) Curvatures with k<0 and k>>0 are defined
as saddle-shaped (corresponding to Areas 2 and 3).

(5) Curvatures with k<0 and k>>0 are defined
as downward concave surfaces (corresponding to
Area 4).
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Fig. 4 ISDs of all pores in Ti6Al4V samples by SLM under different processing parameters: (a) P=210 W,
v=1200 mm/s; (b) P=240 W, v=1200 mm/s; (c) P=270 W, v=1200 mm/s; (d) P=150 W, v=1000 mm/s; (e) P=150 W,

v=1200 mm/s; (f) P=150 W, v=1400 mm/s

(6) Curvatures with k=k,=0 are flat planes.

The principal curvatures can be used to
analyze the morphology of porosity defects, as
shown in Figs. 4(a—f). These ISDs represent the
curvatures of all the pores in Ti6Al4V samples
by SLM with different processing parameters.
Figures 4(a—c) show the variation of the principal
curvature distribution with the increase of laser
power (P=210, 240, and 270 W) when the scanning
speed is constant (v=1200 mm/s). The blue peak of
the ISDs increases continuously upwards, and the
area where the principal curvature lies is £1>0 and
k>>0. This proves that the energy input increases
gradually, and the trend of convex ellipse or global
sphere becomes more prominent. This kind of pores
shape corresponds to the keyhole defect zone in
Fig. 2 at this time. When the laser power is fixed
(P=150 W) and the scanning speed increases
gradually (v=1000, 1200, and 1400 mm/s), the
position of principal curvature changes from k=0,
k>0 to k<0, k>0 (Figs. 4(d—f)). Because of the
low energy density, most of the LOF defects are
distributed between the layers, and the
characteristics of pores gradually change from
cylindrical to saddle-shaped. As a result, taking
curvature as a quantitative parameter to characterize
the relationship between pores and processing
parameters can lay a foundation to explore the
proportion of defects under the same processing
condition.

3.1.3 Classification of 3D defect characteristics

The quantitative morphology information of
Ti6Al4V defects, such as diameter, volume,
sphericity, and aspect ratio, can be obtained by
XCT characterization. Among all the morphology
information, the sphericity is an important factor to
evaluate the irregularity of the 3D morphology of
defects. It ranges from O to 1, where the value of 1
indicates a perfect sphere, and the value close to 0
means an extremely irregular defect.

The relative frequencies of the sphericity
characteristics of all defects under different laser
powers are obtained, as shown in Fig. 5. The peak
of each fitting curve represents the defect
characteristics with the highest frequency in the
sample. At the same laser power, it is found that the
range of pore sphericity distributes from 0.2 to 1.0.
With the increase of energy density, the peak of all
fitting lines moves to the right gradually. Namely,
more defects with sphericity approaching unity
present as the energy density increases. This proved
that the energy input significantly affects the
morphology of the defects inside the printed
samples. With the increase of energy input, the
powder melts completely, thus irregular and
non-spherical pores are reduced, and most of the
defects are small pores with spherical structures. As
shown in Figs. 5(c—e), when the scanning speed is
1000 mm/s, the relative frequency of pores reaches
0.5, which reflects that the high energy input leads
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Fig. 5 Relative frequency of defect sphericity with different laser powers: (a) P=120 W; (b) P=150 W; (c) P=180 W;

(d) P=210 W; () P=240 W; (f) P=270 W

to fewer defects in the sample, so the proportion of
nearly spherical pores reaches the highest point (the
red line).

Nearly spherical and irregularly shaped defects
are not enough to fully summarize all the defect
characteristics in Ti6Al4V samples, so it is
significant to classify the 3D characteristics of
pores by using the defect quantitative information
characterized by XCT [44,45]. According to the
degree of sphericity, the 3D defect characteristics
of Ti6Al4V samples are divided into four types:
(1) perfect spherical shape with the sphericity of
0.9-1; (2) elliptical-shaped pores with spherical
of 0.7-0.9; (3) elongated-shaped defects with
spherical of 0.4—0.7; (4) irregularly-shaped defects
with spherical of 0—0.4. Figure 6 shows the visual
characterization of four types of defects in Ti6Al4V
samples with aspect ratio and sphericity obtained
by XCT. The aspect ratio represents the measure
of the extension of each defect, with high values
representing elongated defects. As illustrated in
Fig. 6, along the path of the red arrow, the feature of
the defect gradually evolves from the standard
sphere to an irregular shape, and the corresponding
sphericity decreases as the aspect ratio increases. It
is worth noting that when both sphericity and the
aspect ratio are low, the defect is still characterized
by an irregular shape. This proves that taking the

Energy
density

(o))
T

AR=6.0
Sphericity=0.32

Aspect ratio
N
T

P ST High
oA Sphericity-0.66 AR
AR=3.0 phericity=0. Sphericity=0.82
2 Sphericity=0.29

p
AR=13 )
) ) Sphericity=0.97

0 0.2 0.4 0.6 0.8 1.0
Sphericity

Fig. 6 Visual characterization of four types of defects in
Ti6Al4V samples with aspect ratio (AR) and sphericity
obtained by XCT

aspect ratio and sphericity into account can more
accurately characterize the type of defects in
SLM Ti6Al4V, which is beneficial to better
understanding their formation mechanism.

The percentage changes of four types of
defects under different power inputs are explored
(Figs. 7(a—1)). It is observed that elliptical defects
account for the highest proportion of almost all
parameters, followed by elongated defects. A
general trend is that the proportion of irregular
defects grows with the increase of scanning speed,
but the overall proportion is low, which means that
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Fig. 7 Percentage of four types of defects with different laser powers: (a) P=120 W; (b) P=150 W; (c) P=180 W;

(d) P=210 W; (e) P=240 W; (f) P=270 W

when appropriate laser power and scanning speed
are selected, the probability of irregular defects is
minimal. The above results indicate that the
statistical analyses of the percentages of the four
defect features can quantitatively and intuitively
show the main characteristic of defects in the
sample. Although most of the defects are randomly
generated, the present result obtained by XCT
might be helpful for future machine learning
methods to reveal the changing rules of defect

morphology on the basis of a large number of
samples [46].

3.2 3D characterization of surface morphology and
defects analysis in layer-by-layer samples via
XCT

3.2.1 Single-track single-layer samples

In the processing of SLM, the smallest
processing unit is a single track. Understanding the
characteristics and defects of a single track helps us
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better analyze multi-track multi-layer samples [47].
In order to further study defect characteristics and
its formation mechanism, three representative laser
power parameters (P=150, 180, and 210 W) were
selected for the study of single-track and single-
layer sample. Figure 8 shows the SEM surface
morphologies of the Ti6Al4V single track with
different processing parameters. The morphologies
can be roughly divided into two types: stable
continuous type (Zone I) and unstable continuous
type (Zone II). Zone I is continuous in the
morphology, and splash particles with a diameter of
about 20—40 pm are found to be attached to the
substrate during powder melting. In the processing
of SLM, the powder particles absorb the laser
energy and release a large amount of surface energy,
and the wviscosity of the metal liquid phase
decreases with the increase of the liquid
temperature of the molten pool. The lower the
viscosity is, the higher the fluidity and wettability
of the melt are. Then, the melt diffuses uniformly to
form a smooth and continuous single track.

150 W

1200 mm/s 1000 mm/s 800 mm/s

1400 mm/s

1600 mm/s

1800 mm/s

i)

parameters

180 W

However, Zone II cannot be stable due to the
oscillation of the molten pool. Low power input
affects the fluid dynamics of the molten pool and
reduces the surface free energy of the metal liquid,
thus splitting metal liquid into small droplets to
form spheroids. There are many spheroidization and
bonding phenomena of unmelted powder on both
sides of the single tracks with all these processing
parameters. For the same laser power, the width of
single tracks is observed to decrease gradually as
the scanning speed increases. This phenomenon is
attributed to Marangoni convection, which is driven
by surface tension gradient. The formation of this
kind of convection in the molten pool often changes
the strength of the convection in the hot capillary
tube, which leads to the instability of liquid [48].
When the energy is insufficient to melt substrate,
the surface tension decreases, and the molten metal
flows radially outward, resulting in a wider molten
pool. In summary, it can be noted that viscosity
and Marangoni convection play significant roles in
determining melting pool morphology.

Em

Fig. 8 SEM micrographs of top surface of Ti6AI4V single tracks manufactured by SLM with different processing
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In order to further characterize the defects
in single tracks, segmentation with local gray
value thresholds is applied for 2D sections. 3D
visualizations of Ti6Al4V single track morphology
and the defects with three different processing
parameters are shown in Fig. 9(a). For 210 W laser
power and 1000 mm/s scanning speed, the energy
density of the single track is higher, and most of the
pores are inside the single track, which are small
in volume and uniformly distributed. With the
decrease of energy density, the number of defects
decreases gradually, and there are no obvious pores
in the single track. Under this condition, the
single-track surface is smooth and continuous.
However, for P=150 W and v=1400 mm/s, the
single track is not continuous enough, resulting in a
very rough surface. Most of the pores are opening
defects that irregularly distribute on both sides of
the single track.

(a) Wik (&

;

P=150 W s

v=1400 mm/},/ﬁ g
e

P

P=180 W
v=1200 mm/s

£

P=210 W 7o
v=1000 mm/s >

1()()_um

Fig. 9 3D visualizations of Ti6Al4V defects via XCT (a);
Typical defects in single-track SLM Ti6Al4V samples
(P=210 W, v=1200 mm/s) (b, ¢) ((b) Cavities at edges on
one side; (c) Cavities at edges on both sides)

Figures 9(b, ¢) show typical defects in the
single-track SLM Ti6Al4V samples. Cavities at the
edges of the single tracks are shown in 2D slices.
The red arrow points to sunken defects on one side
of the single track for 210 W and 1200 mm/s, and
the blue one represents those on both sides. Laser
energy is very high at this time, the internal
temperature of the molten pool gradually increases,
and the molten metal liquid spreads faster from the
center to both sides of the molten pool. Then, the
rapid solidification processing causes a depression
around the center of the molten pool, which is
similar to “W” shape.

3.2.2 Multi-track single-layer samples

In order to further reveal the effect of single-
track defects on the quality of SLM parts in three
regions in Fig. 2, multi-track single-layer samples
with three parameters (P=150 W, v=1600 mm/s;
P=180 W, v=1200 mm/s; P=210 W, v=800 mm/s)
were chosen. Figure 10 shows the single-layer
specimens composed of various numbers of single
tracks and pore morphology with 30% and 50%
overlapping rates. As the number of single tracks
increases, due to the overlap between tracks in the
multi-track sample, the formed inter- track defects
disappear and the multi-track surface becomes flat
and smooth [49]. However, the fluctuation on both
sides of the multi-track surface is intenser. The
obvious fluctuation of the edge results in the
formation of protrusions and depressions on the
track, which provides the possibility for the LOF
defects of the bulk specimens. In addition, a large
number of spatters and unmelted powders can also
be observed on the surface of the Ti6Al4V
single-layer samples, as displayed in Fig. 10(a). The
diameter of the spatters is about 90 um, which is
larger than the size of the unmelted powders
(15—53 um). With the gradual melting of the metal
powder and the rising temperature of the molten
pool, metal evaporates in the process of laser
scanning, which may lead to the instantaneous
expansion of the volume through the conversion
from solid to gas, thus exerting recoil pressure on
the molten pool. When the metal recoil pressure
overcomes the surface tension of the molten pool,
spatter and depression are formed. Moreover, for
180 W laser power and 1200 mm/s scanning speed
(Fig. 10(b)), there are many spherical particles on
the upper surface of 4-track samples. The
uniformity and continuity of the melting pool are
completely destroyed by balling defects. The
droplets tend to agglomerate due to the minimum
Gibbs surface free energy under the action of
surface tension, which leads to the formation of
balling easily.

The hatch space describes the distance
between the centers of two tracks [50]. The
relationship between the overlapping rate and the
hatch space is defined as follows:

d, —s

w = x100% 4)

m
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Fig. 10 Ti6Al4V single-layer samples morphology and pore characteristics with 2, 4, 6, and 8 tracks via XCT at three

different processing parameters with 30% (a) and 50% (b) overlapping rates

where 1 represents the overlapping rate, s
represents the hatch space, and dm represents the
width of the single-track.

Different overlapping rates affect the surface
quality and internal defects of multi-tracks. By
comparing the 30% overlapping rate with 50%, it
can be detected that the surface of the molten pool
is smoother when the overlapping rate is 50%. The
reason is partially due to the hatch space being
relatively small at this time (50—80 pum), which is
close to the focused spot size of 75 pm. In the
processing of multi-track, this can ensure uniform
energy distribution and full remelting of the
molten pool, reducing defects such as warping
and deformation caused by poor overlapping.
Additionally, with 30% overlapping rate, it is found
that the fast solidification rate of liquid metal leads

to the unevenness of the overlapping between the
melts, and a large number of pits appear on the
surface of the melts. This is because the size of the
formed molten pool becomes smaller, and the
contact area between the molten pool and the matrix
is limited, which is not conducive to the wettability
and the fluidity of the molten pool, resulting in long
and narrow pores in the tracks.

The number and average equivalent diameter of
SLM Ti6Al4V multi-track pores are shown in
Fig. 11. The pores contain LOF formed by single-
track depressions and gas porosity inside the tracks.
In general, the number of pores accumulates
gradually with the number of tracks among the
three processing parameters. However, the number
of pores in the sample with a 50% overlapping rate
and 8-track becomes less. This is because the high



Na-ying AN, et al/Trans. Nonferrous Met. Soc. China 33(2023) 2986—3002 2997

500
(@)
200 L 1150 W, 1600 mm/s
3180 W, 1200 mm/s
8 210 W, 800 mm/s
)
B 300
=}
2
g 200
=
Z
0
2 4 6 8
Number of tracks
500
(©

400 =150 W, 1600 mm/s —
@ 1180 W, 1200 mm/s
5 210 W, 800 mm/s
B 300
1)
by
e}
g 200+
E]
Z

100

0
2 4 6 8

Number of tracks

g

= 501 ()

&

g st /\\-

[

o

B 401 =—150 W, 1600 mm/s

g *—180 W, 1200 mm/s

K 351 4—210 W, 800 mm/s

E0F o /

o -— —

.z 25F

=

g

o 207 \\/

&

5 15F

> L 1 1 L

< 2 4 6 8
Number of tracks

g

= 50F(d)

2 =—150 W, 1600 mm/s

& 451 e —180 W, 1200 mm/s

) 4—210 W, 800 mm/s

5 40f

2 L —

£ 35t

2

2 30f

2 A

[

.z 251

=

g

o 20f .

&

5 15F

> L L L L

< 2 4 6 8

Number of tracks

Fig. 11 Number (a, c) and average equivalent diameter (b, d) of SLM Ti6Al4V multi-track pores with 30% (a, b) and
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power and proper overlapping rate lead to a high
remelting rate, which can eliminate some of the
formed defects to a certain extent. Besides, the
change in the average diameter of pores indicates
that the pore size does not enhance with the
increase of the number of tracks, but fluctuates in a
range. And the fluctuation range of pore diameter of
30% overlapping rate is greater than that of 50%.
Hence, the overlapping rate has a great influence on
the porosity and the surface quality of Ti6Al4V
multi-track samples.

Figure 12(a) shows the typical irregularity
pores morphology of 6-track in 3D views by CT
when the laser power is 150 W and scanning speed
is 1600 mm/s. The pores perpendicular and parallel
to the scanning direction can be identified in
Fig. 12(b). When the laser power is not high enough
for single-track sample powders to melt completely,
depressions are formed on both sides, as well as the
neighboring single-track, so that the depressions
between multiple tracks cause pores perpendicular
to the multi-track samples. Besides, it is also found

(a)

. Y _ yj/z

Scanning X
direction 7

v < F

Fig. 12 Irregularity pores morphology of 6-track samples
in 3D views by CT at 150 W laser power and 1600 mm/s
scanning

4”'

speed (a); Pore perpendicular/parallel to
scanning direction (b); 3D rendering and spherical pores
of 6-track samples at 210 W laser power and 800 mm/s
scanning speed (c)

the pore is parallel to the scanning direction. This
unusual phenomenon may be due to the fact that
the powder is not fully melted in the longitudinal
direction and voids are left. Fortunately, this kind of
pore does not extend all the time, and after a few
tracks, it stops expanding and accumulating due to
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the flow of liquid metal. In contrast to the irregular
defects with low energy, spherical defects formed
with high energy (210 W, and 800 mm/s) are also
characterized, as shown in Fig. 12(c). When the
laser power is relatively high, the evaporation and
vaporization of low melting point metal produce
recoil pressure, and thus the depression is formed
on the surface. If the subsequent liquid metal is not
filled effectively, spherical defects are formed.
3.2.3 Multi-track multi-layer samples

The multi-track multi-layer experiments were
carried out on Ti6Al4V samples according to the
determined parameters (P=150 W, v=1600 mm/s;
P=180 W, v=1200 mm/s; P=210 W, v=800 mm/s).

The morphology and pore characteristics of
multi-track multi-layer Ti6AI4V samples via XCT
with three processing parameters are illustrated in
Fig. 13. Under the action of recoil pressure, the
molten pool is unstable due to the wetting and
Marangoni convection, resulting in a solidified
layer with spheroidization and discontinuous shape.
In the processing from 4-track 4-layer to 6-track
6-layer with a power of 150 W and scanning speed
of 1600 mm/s, 4-track 4-layer can be considered as
a consolidated layer. The formation of defects in
6-track 6-layer samples is attributed to the surface
roughness of 4-track 4-layer, which determines the
wettability of the molten pool. When the energy
density is too low, which is not conducive to the
diffusion of molten liquid materials and the
effective filling of subsequent metal liquid pores,
the width of the molten pool becomes narrow and
the depth becomes shallow, and thus the melting

150 W, 1600 mm/s

2-track
2-layer

4-track
4-layer

6-track
6-layer

8-track
8-layer

180 W, 1200 mm/s

zone does not reach the bottom of the molten pool.
As a result, the next layer of the molten track is
difficult to cover the unmelted part of the previous
layer. Once there are pores between the melting
tracks, the LOF defects can be formed in the
interior of the parts. According to the above
analysis, it becomes evident that the surface
roughness of the previously solidified layer and the
energy density are important factors affecting the
LOF defects of the new powder layer, which leads
to stress concentration and seriously reduces the
performance of the parts. By contrast, with a higher
power of 210 W and a scanning speed of 800 mm/s,
the molten pool can be fully wetted. The deep
keyhole in the previous layer can be eliminated and
new pores are generated because of disturbance
between molten pools. The new pores are nearly
spherical and randomly distributed.

Based on the above experimental results, it is
necessary to make statistics on the porosity of
different tracks and layers of Ti6Al4V samples,
which can help to see the law of pore accumulation.
Table 5 gives the porosity of Ti6Al4V samples with
different tracks and layers at three processing
parameters. When the energy density is low, with
the increase of the number of tracks and layers,
the porosity of the Ti6Al4V samples increases
significantly and reaches 5.21% at 8-track 8-layer.
However, at high energy density (P=180W,
v=1200 mm/s; P=210 W, v=800 mm/s), the overall
trend of porosity of the Ti6Al4V samples increases
at first and then decreases with the increase of
tracks. This could be attributed to the fact that, in

210 W, 800 mm/s

1 mm

Fig. 13 Ti6Al4V samples morphology and pore characteristics with 2-track 2-layer, 4-tracks 4-layer, 6-track 6-layer,

and 8-track 8-layer via XCT with three processing parameters
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Table 5 Porosity of Ti6Al4V samples with different
tracks and layers at three processing parameters

Number Number Porosity/%
of tracks of layers 150W, 180W, 210W,
1600 mm/s 1200 mm/s 800 mm/s
2 2 0.62 0.56 0.23
2 4 1.04 0.42 027
2 6 2.33 0.67 0.92
2 8 0.90 0.90 3.05
4 2 0.58 1.61 021
4 4 2.16 0.28 0.13
4 6 2.72 0.70 0.26
4 8 132 4.76 150
6 2 2.25 0.51 0.98
6 4 2.69 0.60 0.25
6 6 4.87 0.33 0.59
6 8 3.63 437 129
8 2 3.04 0.60 0.03
8 4 3.15 0.42 0.12
8 6 5.83 0.32 0.17
8 8 521 1.77 021

the first four tracks, since the laser is not
completely stable, the molten pool might oscillate,
and the porosity increases accordingly. As the laser
stabilizes, the wetting of the molten metal is better,
the overlap between the melt tracks tends to be
smooth, the pores are partially melted, and the
porosity decreases. When taking layers into
consideration, when the energy is high, the increase
of the number of layers does not mean that the
porosity increases all the time. It is worth noting
that the decrease of porosity is attributed to the
decrease of pore volume and the change of
macropores into small pores, instead of a decrease
in number.

Through the 3D characterization of the
morphology and defects of the multi-track
multi-layer molten pool, it is concluded that the
surface roughness of the former layer can greatly
affect the melting quality of the next layer, and the
pores occur between the layers or accumulate to the
next layer. The wetting behavior between the
powder and the substrate plays an important role in
eliminating the interlayer LOF defects. Moreover,

low energy density may not be sufficient to melt the
underlying substrate, but inhibits wetting behavior
and leads to the formation of interlayer defects.
Properly increasing the solidification time and
reducing the scanning speed can help to ensure the
wetting quality and increase the stability of the
deposition melting pool.

4 Conclusions

(1) The processing window of SLM Ti6Al4V
defects is classified based on three types: keyhole
defects zone, optimal parameters zone and LOF
defects zone. Most of the pores are perpendicular to
the construction direction and the curvature of the
defect varies with different laser powers and
scanning speeds.

(2) According to the sphericity, the defects
of SLM TiAl4V bulk samples with different
processing parameters are classified into four
categories: spherical (0.9-1), elliptical-shaped
(0.7-0.9), elongated-shaped (0.4-0.7), and
irregularly-shape (0—0.4), and their proportion in
the block is calculated. The elliptical- and
elongated-shaped defects account for a large
proportion of defects in most bulk samples,
followed by spherical and irregularly-shaped.

(3) The quantitative and qualitative
characterization of the defects of track-by-track
and layer-by-layer is analyzed. It is found that
reasonable processing parameters can ensure the
stability of the melting pool, and porosity can
gradually accumulate with the overlay of layers.
The volume and number of LOF defects increase at
low power with the increase of tracks. However,
with excessive power, as a new track is formed, the
pores between the tracks in the upper layer may
disappear.
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