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Abstract 

Laser powder bed fusion (LPBF) is an advanced manufacturing technology; however, inappropriate LPBF process 
parameters may cause printing defects in materials. In the present work, the LPBF process of Ti-6.5Al-3.5Mo-1.5Zr-0.3Si 
alloy was investigated by a two-step optimization approach. Subsequently, heat transfer and liquid flow behaviors 
during LPBF were simulated by a well-tested phenomenological model, and the defect formation mechanisms in the 
as-fabricated alloy were discussed. The optimized process parameters for LPBF were detected as laser power changed 
from 195 W to 210 W, with scanning speed of 1250 mm/s. The LPBF process was divided into a laser irradiation stage, 
a spreading flow stage, and a solidification stage. The morphologies and defects of deposited tracks were affected 
by liquid flow behavior caused by rapid cooling rates. The findings of this research can provide valuable support for 
printing defect-free metal components.
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1  Introduction
Laser powder bed fusion (LPBF) uses a high-energy 
laser to manufacture near-net-shaped components layer 
by layer [1]. Ti-6.5Al-3.5Mo-1.5Zr-0.3Si is an α+β-type 
heat-resisting titanium alloy, and it is widely used to 
fabricate aircraft components [2, 3]. However, the LPBF 
process of Ti-6.5Al-3.5Mo-1.5Zr-0.3Si alloy is rarely 
reported. Furthermore, the formation of numerous 
defects in Ti-6.5Al-3.5Mo-1.5Zr-0.3Si alloy under inap-
propriate LPBF process parameters leads to a high melt-
ing point and low thermal conductivity.

Deposited tracks act as fundamental building units, 
and greatly influence the final product quality [4]. LPBF 
process parameters play an important role in depos-
ited track formation. Under insufficient laser energy 

input, balling, irregular pores, and discontinuous tracks 
occur in LPBF tracks [5–7]. When the laser energy input 
becomes excessive, LPBF tracks suffer from near-spheri-
cal pores and irregular tracks [8, 9]. Hence, it is crucial to 
establish a relationship between process parameters and 
forming quality under single-track process tests. Gong 
et al. [10] and Wang et al. [11] optimized the LPBF pro-
cess windows of Ti6Al4V alloy. Yang et al. [12] optimized 
the process parameters of AlSi10Mg alloy. The influences 
of laser power and scanning speed on surface roughness, 
dimensional accuracy, and pore shape were also revealed 
in the aforementioned works; however, the explanations 
of defect formation mechanisms were different.

In recent years, charge-coupled devices (CCDs), two-
color pyrometers, and high-speed cameras have been 
used to monitor LPBF processes online. A strong rela-
tionship exists between molten pool size and LPBF 
process parameters [13]. Once metal powder becomes 
melted by laser irradiation, the surplus input energy 
melts the powder around deposited tracks through 
heat transfer [14] and forms a denuded area around the 
molten pool [15]. In addition, a competition between 
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outward metal vapor flux and the entrainment of pow-
der particles in a shear flow driven by a metal vapor jet 
exists during LPBF [16, 17]. However, a series of complex 
physical processes such as phase transition, heat trans-
fer, and mass transfer, take place during LPBF in a short 
period. The melting liquid is generally driven by recoil 
pressure, surface tension, the Marangoni force, gravity, 
and buoyancy to form a complex flow [18, 19]. Therefore, 
it is necessary to accurately simulate the aforementioned 
phenomena to explain the microscopic and macroscopic 
mechanisms of LPBF. Khairallah et al. [20] established a 
three-dimensional (3D) high-fidelity powder-scale model 
and found that a depression shape and spatter defects 
were produced by the recoil pressure. Zhang et  al. [21] 
observed a high-speed backward flow of 4–5 ms−1 from 
the beginning to the end of the molten pool. Tang et al. 
[22] asserted that recoil pressure and surface tension 
played important roles in the formation of two types of 
pores. Wei et al. [19] built a multi-physical field simula-
tion model in the open-source CFDEM and OpenFOAM 
software and highlighted the effects of recoil pressure 
and surface tension on the LPBF tracks. However, the 
influences of heat transfer and liquid flow on defect for-
mation during LPBF are not clearly stated in the above-
mentioned investigations.

In the present work, the LPBF process of Ti-6.5Al-
3.5Mo-1.5Zr-0.3Si alloy was optimized. A well-tested 
phenomenological model was used to compute heat 
transfer and liquid flow behaviors during LPBF, and 
the influences of LPBF process parameters on printing 

defects were systematically described. Cooling rates were 
calculated accurately to assess their influences on macro-
scopic and microscopic alloy morphologies. The findings 
of this research can provide valuable support for printing 
defect-free metal components.

2 � Methodologies
2.1 � Experimental Conditions
The chemical composition of the alloy is presented in 
Table 1. The morphology and size distribution of spheri-
cal gas-atomized powder particles are displayed in 
Figure 1.

Forty-five LPBF tracks with a length of 1.5 mm were 
formed by a Concept Laser M2 system (Germany) by 
changing the laser power (P) changed from 150 W to 270 
W, and the scanning speed (v) changed from 850 mm/s to 
1650 mm/s. The powder layer thickness was 30 μm.

The sizes of LPBF tracks were measured by a VK–
100X laser microscope (Keyence, Japan), and their sur-
face and cross-sectional morphologies were detected by 
an FEI Quanta 250 F scanning electron microscope (FEI, 
America).

2.2 � Simulation Model
The conservation equations of energy, momentum, and 
mass were solved concurrently using the VOF equation 
in OpenFOAM [23]. The details of the simulation model 
are available in Ref. [19]. The thermophysical properties 
of the alloy and Ar were calculated by JMatPro software 
and Ref. [24], as shown in Table 2.

Table 1  Chemical composition of the alloy (wt.%)

Ti Al Mo Zi Si Fe C O N

Bal 6.6 3.2 1.7 0.3 0.08 0.02 0.12 0.006
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Figure 1  a Morphology and b size distribution of Ti-6.5Al-3.5Mo-1.5Zr-0.3Si powder particles
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3 � Results
3.1 � Experimental Results
3.1.1 � Optimization of Process Parameters
Discontinuous tracks [25] were formed at low laser pow-
ers (Figure  2a). With the increase of laser power, con-
tinuous tracks appeared (Figure  2b). Irregular tracks [26] 

were observed when the laser power was extensively high 
(Figure 2c). Powder particles adhered to the surface of all 
deposited samples. Moreover, spatter defects [27], such as 
droplets and fine particles, appeared at high laser powers 
(Figure 2d).

The LPBF process window of Ti-6.5Al-3.5Mo-1.5Zr-
0.3Si alloy is presented in Figure  3. When P was raised 
from 150 W to 270 W, discontinuous tracks and irregular 
tracks appeared, respectively. A less fine morphology was 
observed at v = 1650 mm/s. Therefore, the LPBF process 
window of the alloy was mainly determined at P changed 
from 165 W to 255 W, with v changed from 850 mm/s to 
1450 mm/s.

The height fluctuation of deposited tracks was measured 
by VK-H1XMC software (Figure  4a), and the standard 
deviation value (STDEV) was calculated using Eq. (1). The 
surface roughness of the substrate was taken as the evalu-
ation metric (Ra ≈ 12.5 μm after milling). The greater the 
number of samples with STDEV < 12.5 μm, the better the 
process parameters.

where X  − is the mean value of X1, X2,…, Xn.

(1)STDEV =

√

√

√

√

1

N− 1
·

n
∑

i=1

(Xi − X)2,

Table 2  Thermophysical properties of the alloy and Ar

Parameters Value

Metal density (kg·m−3) 4480

Solidus temperature (K) 1844

Liquidus temperature (K) 1968

Evaporation temperature (K) 3494

β-Tranus (K) 1288

The viscosity of liquid metal (Pa·s) 4 × 10−3

Temperature coefficient of surface tension (N·m1·K−1) −2.6 × 10−4

Latent heat of evaporation (J·kg−1) 9.8 × 106

Latent heat of fusion (J·kg−1) 2.86 × 105

Gas constant (J·kg−1·mol−1) 8.314

Stefan-Boltzmann (W·m−2·K−4) 5.67 × 10−8

Thermal conductivity of Ar (W·m−1·K−1) 1.772 × 10−2

Viscosity of Ar (Pa·s) 2.2 × 10−5

Specific heat of Ar (J·kg−1·K−1) 521.75

Figure 2  Typical morphologies of LPBF tracks
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When P was equal to 195 W, 210 W, and 225 W, the 
numbers of samples (with STDEV < 12.5 μm) were 3, 4, 
and 3, respectively. And when v was equal to 1250 mm/s, 
the number of samples was 5 (Figure  4b). Therefore, 

it can be inferred that LPBF tracks were excellent at P 
changed from 195 W to 225 W, with v = 1250 mm/s. In 
comparison to Ti6Al4V [10, 28], Ti-6.5Al-3.5Mo-1.5Zr-
0.3Si alloy required higher laser power.
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Figure 3  LPBF process window of Ti-6.5Al-3.5Mo-1.5Zr-0.3Si alloy
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3.1.2 � Variation of Shape Parameters with Process 
Parameters

Figure 5(a) presents the sizes of LPBF tracks at v = 1250 
mm/s. As the laser power was raised from 150 W to 
270 W, the depth, width, and height of the molten pool 
increased by about 280% (increased from 42.2 μm to 
160.3 μm), 45% (increased from 102.6 μm to 149.0 μm), 
and 86% (increased from 29.1 μm to 53.3 μm), respec-
tively. Figure  5(b) presents the sizes of LPBF tracks at 
P = 195 W. As the scanning speed was raised from 850 
mm/s to 1650 mm/s, the depth and width of the molten 
pool decreased by about 11.9% (decreased from 84.2 
μm to 74.2 μm) and 25.9% (decreased from 140.2 μm to 
103.9 μm), respectively, whereas the height of the molten 
pool first decreased and then increased. Laser power 
had a great influence on the depth and morphology of 
the molten pool, and scanning speed mainly affected the 
width of the molten pool.

Figure 6 exhibits the cross-sectional of LPBF tracks at v 
= 1250 mm/s. When the laser power was in the range of 
150–180 W, the input energy could not completely melt 
the powder at the edge of the laser scanning line. Moreo-
ver, the melt viscosity was large, and the pool spreading 
capacity was insufficient; therefore, the cross-section of 
the melt after solidification was small. When the laser 
power was between 195 W and 225 W, the melting 
amount of the metal powder increased and the melt vis-
cosity decreased; thus, the molten pool easily spread to 
the two sides of the laser scanning line, the cross-section 
of LPBF tracks became larger, and the morphology of 
LPBF tracks was excellent. When the laser power ranged 
between 240 W and 270 W, the input energy was large 

and a deep molten pool was easily produced in the laser 
irradiation region. In addition, some metal powder parti-
cles were vaporized instantaneously, and the molten pool 
was susceptible to a disturbance under the impact of the 
metallic vapor. Therefore, LPBF tracks had a large depth 
and an irregular morphology.

3.2 � Simulation Results
3.2.1 � Molten Pool Formation
The simulation results of LPBF tracks for P were 150 W, 
195 W, and 255 W, with v = 1250 mm/s are depicted in 
Figure  7. The start time, middle time, and end time of 
the laser operations were t = 20 μs, t = 320 μs, and t = 
580 μs, respectively. The molten pool was defined as the 
region with a temperature greater than T = 1968 K (the 
liquidus temperature of Ti-6.5Al-3.5Mo-1.5Zr-0.3Si alloy 
(Table  2)). The highest temperature was detected at the 
laser spot, and the heat-affected zone (HAZ) increased 
with the rise of laser power. The liquid flowed from the 
laser spot to both sides of the molten pool. Moreover, the 
flow velocity near the laser spot was larger and increased 
with the rise of laser power (Figure 8); however, the flow 
direction did not vary significantly. In addition, non-
melted particles on the edge of LPBF tracks had a saw 
tooth-like morphology (Figure  7c, f, and i), indicating 
that it is necessary to set a reasonable hatch distance dur-
ing single-layer forming.

The variation of melt volume with time is illustrated in 
Figure 9a. The starting times for molten pool stabilization 
in the 150 W, 195 W, and 255 W samples were 80 μs, 200 
μs, and 240 μs, respectively. In the stable state, the melt 
volume of the 150 W, 195 W, and 255 W samples were 
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1.14 × 105 μm3, 5.16 × 105 μm3, and 11.76 × 105 μm3, 
respectively, and the corresponding STDEV of the melt 
volumes were 0.11 μm3, 0.08 μm3, and 0.38 μm3, respec-
tively, indicating that the melt volume fluctuated with 

the variation of laser power in the stable state. Hence, 
insufficient molten pool expansion occurred in the 150 
W sample, and a disturbance of the molten pool, such as 
Rayleigh instability occurred in the 255 W sample. The 

Figure 6  Cross-sectional of LPBF tracks at v = 1250 mm/s

(a) t = 20 μs

(b) t = 320 μs

(c) t = 580 μs

(d) t = 20 μs

(e) t = 320 μs

(f) t = 580 μs

(g) t = 20 μs

(h) t = 320 μs

(i) t = 580 μs

T (K)
3.0e+02 1500 3000 4.0e+03

Figure 7  Simulation results of LPBF tracks: a–c 150 W, d–f 195 W, g–i 255 W
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simulation and experimental data of the molten pool 
dimension in the stable state are compared in Figure 9b. 
The error range for the molten pool dimension was 4.7%–
13.6%. Therefore, it can be inferred that laser power had 
a greater effect on flow velocity than on flow direction. 
Moreover, high laser power created a large molten pool 
and irregular tracks.

3.2.2 � Longitudinal Section of LPBF Tracks
Figure  10 shows the serial longitudinal sections of the 
195 W sample. The longitudinal section position is pre-
sented in Figure  10a. The reflow liquid (flow direction 
differed from the laser scanning direction) was found Figure 8  Liquid metal flow fields of the molten pool in the stable 

state: a 150 W, b 195 W, and c 255 W

Figure 9  a Variation of melt volume with time and b The maximum molten pool dimensions in the stable state
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Figure 10  Serial longitudinal sections of LPBF tracks at 195 W
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near the laser spot. The flow velocity in the middle of the 
molten pool was greater than those on both sides of the 
molten pool (Figure  10b–d). Moreover, a complex cir-
cular fluid appeared at the molten pool tail (Figure  10b 
and c), which could be attributed to the Marangoni flow 
driven by the surface tension gradient.

3.2.3 � Longitudinal Section of LPBF Tracks
The serial cross-sections of LPBF tracks at different times 
are displayed in Figures 11, 12, 13. The cross-section posi-
tion is presented in Figure 10a. The LPBF process could 
be divided into a laser irradiation stage (Figures  11a–c, 
12a–c, and 13a–c), a spreading flow stage (Figures 11d–f, 
12d–f, and 13d–f), and a solidification stage (Figures 11g, 
h, 12g, h, 13g, and h).

In the laser irradiation stage, the liquid was driven 
by the recoil pressure and created a depression shape. 
In the spreading flow stage, the molten pool tempera-
ture decreased to the melting point, and the depression 
shape was gradually repaired. The duration of this stage 
increased with the rise of laser power. The duration of 
this stage in the 150 W, 195 W, and 255 W samples was 
80 µs, 160 µs, and 280 µs, respectively. In the solidifica-
tion stage, the molten pool temperature reached the 
ambient temperature.

The reflow liquid was found in the early spreading flow 
stage (Figures  11d, 12d, and 13d), and then it flowed 

from the bottom to the top (Figures  11e, 12e, and 13e) 
and also from the center to both sides of the molten pool 
(Figures 11f, 12f, and 13f ). The flow direction remained 
unchanged with the rise of laser power. The reflow had 
an important effect on the liquid flow and expanded the 
molten pool.

The thermal monitored at the cross-sections of LPBF 
tracks under different laser powers are shown in Fig-
ure 14. The cooling rate varied in different cooling stages. 
In the spreading flow stage, the cooling rates of the 
150 W, 195 W, and 255 W samples were 1.67 × 107 K/s, 
1.17 × 107 K/s, and 0.91 × 107 K/s, respectively, and in 
the solidification stage, the values were 6.93 × 106 K/s, 
3.44 × 106 K/s, and 2.91 × 106 K/s, respectively. These 
results indicate that the liquid flow behaviors and the 
β-phase transformation were affected by the rapid cool-
ing rates, resulting in the different morphologies and 
microstructures of LPBF tracks, respectively.

4 � Discussion
4.1 � Formation of LPBF Defects
A schematic illustration of the molten pool formed dur-
ing LPBF is presented in Figure  15. In the laser irra-
diation stage, the internal energy of the alloy increased 
rapidly due to laser heat conduction (Figure 15b). In this 
experiment, the laser beam was in the TEM00 mode. The 
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Figure 11  Serial cross-sections of LPBF tracks at 150 W
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t = 280 μs t = 300 μs t = 320 μs
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Figure 12  Serial cross-sections of LPBF tracks at 195 W
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Figure 13  Serial cross-sections of LPBF tracks at 225 W
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maximum temperature of the laser beam was calculated 
as [29].

where I is determined by the laser power, D denotes 
the heat diffusion coefficient of the molten pool, t1 is 
the interaction time between the laser and the pow-
der, A is the material absorption rate, k is the thermal 

(2)Tmax =

√
2AId

k
√
π

arctan

√
2Dt1

d
,

conductivity, and d is the laser spot diameter. Therefore, 
the Tmax increases with the rise of laser power.

The melt was affected by the surface tension when 
Tmax reached the melting point of Ti-6.5Al-3.5Mo-
1.5Zr-0.3Si alloy. When the laser power was low, the 
surface tension between the solid and the vapor ( σSV  ) 
was also low; thus, the surface tension between the 
solid and the liquid ( σSL ) was high. According to Zhou 
et al. [25], Young’s equation can be expressed as:

It is evident from Eq. (3) that balling and discontinu-
ous tracks were prone to occur when θ>90º (Figure 2a).

When Tmax reached the boiling point of Ti-6.5Al-
3.5Mo-1.5Zr-0.3Si alloy, a positive pressure air mass on 
the molten pool surface produced a recoil pressure to 
form a depression shape. When the laser power reached 
the threshold value of the “keyhole” [30], spatter defects 
and a strong reflow liquid were formed successively.

Bidare et al. [31] found that the powder at the head of 
the molten pool was driven by the positive pressure air 
mass. Kaplan [32] clarified that a negative pressure area 
was formed by the positive pressure air mass quickly 
moving away on the molten pool surface. The Bernoulli 
equation can be expressed as:

(3)cos θ =
σSV − σSL

σLV
,

Figure 14  Thermal monitored at the cross-sections of LPBF tracks 
under different laser powers,

Figure 15  Schematic illustration of the molten pool formed during LPBF process
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where h is the height of the test point, ρ is the density 
of the positive pressure air mass, Pn is the pressure of 
the negative pressure zone, v is the velocity of the posi-
tive pressure air mass (scanning speed), and C is a con-
stant. The Pn decreases with the increase of v, causing an 
inward shear flow [31].

Matthews et al. [16] found that the powder around LPBF 
tracks was entrained by the shear flow and moved toward 
the molten pool and also numerous non-melted pow-
der particles adhered to the surface of LPBF tracks. Laser 
power was mainly concentrated in the irradiation stage to 
affect the morphology of LPBF tracks.

In the spreading flow stage, the depression shape was 
gradually repaired by the reflow liquid, and the surround-
ing powder was dragged to the molten pool (Figure 15c). 
The expansion rate of the molten pool was hindered by its 
dynamic viscosity (μ).

(4)Pn +
1

2
ρv2 + ρgh = C,

(5)µ =
16

15

√

m

kBT
γ ,

where m is the atomic mass of powder particles, kB is 
the Boltzmann constant, T is the liquid phase tempera-
ture, and γ is the liquid surface tension. The value of μ 
decreased as laser power increased. As the viscosity of 
the melt decreased, it spread more easily to form a large 
molten pool. Furthermore, a sharp surface tension gra-
dient was induced when the laser heat input was high, 
leading to a Marangoni flow [33]. When the molten 
pool volume increased to a certain extent (length (L): 
width (W) > 2.1 [34]), a Rayleigh instability phenomenon 
occurred, and irregular tracks were formed (Figure 16).

4.2 � Microstructure Formation
In the solidification stage, LPBF tracks remained fixed 
(Figure  15d); however, they experienced a phase trans-
formation. The typical EBSD images of LPBF tracks are 
displayed in Figure 17. The strip α’ phase grow alongthe 
building direction, and the metastable structures were 
found in the interior of the strip α’ phase. The geometri-
cal necessary dislocation (GND) density was 8.18 × 1014 
m2 which was caused by the cooling rate. The β-phase 
transformation was affected by the cooling rate: β→α+α’ 
at 25–410 °C/s, and β→α’ at >410 °C/s [35]. As the LPBF 
cooling rate ranged from 2.91 × 106 K/s to 6.93 × 106 K/s 

L/2W

100 μm
L: W = 20: 7

Figure 16  Rayleigh instability morphology of deposited tracks

20 μm 20 μm

ρGNDmean=8.18×1014m-2(a) (b)

Metastable structures

α' phase

Figure 17  Typical EBSD image of LPBF track: a BC map, b GND density
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in the solidification stage, it was difficult to control the 
β-phase transformation by laser power. However, high 
residual stresses were caused by the rapid cooling rates, 
resulting in the α′ phase with metastable structures. The 
effects of residual stress on microstructures can be found 
in detail in Ref. [36].

Moreover, the LPBF process was complicated by the 
material characteristics of Ti-6.5Al-3.5Mo-1.5Zr-0.3Si 
alloy. For example, powder particles adhered around the 
molten pool were difficult to melt because of their high 
melting point, and the liquid flow time was extended 
because of its low thermal conductivity. Therefore, the 
influences of alloying elements and cooling rate on the 
microstructure of Ti-6.5Al-3.5Mo-1.5Zr-0.3Si alloy in the 
solidification stage should be explored in detail.

5 � Conclusions

(1)	 Discontinuous tracks, irregular tracks, and spat-
ter defects appeared under inappropriate LPBF 
process parameters. LPBF tracks were excellent at 
P changed from 195 W to 225 W, with v = 1250 
mm/s. Laser power had a great influence on the 
depth and morphology of the molten pool, and 
scanning speed mainly affected the width of the 
molten pool.

(2)	 Laser power had a greater effect on flow velocity 
than flow direction. A large molten pool caused 
a Rayleigh instability phenomenon and formed 
irregular tracks. A low laser power caused insuf-
ficient spreading capacity and formed discontinu-
ous tracks. A high laser power caused the volume 
fluctuation of the molten pool and formed irregular 
tracks.

(3)	 The LPBF process was divided into a laser irradia-
tion stage, a spreading flow stage, and a solidifica-
tion stage. A reflow liquid, a depression shape, and 
spatter defects were formed in the laser irradiation 
stage. The depression shape was repaired by the 
reflow liquid in the spreading flow stage. The mac-
roscopic morphology of deposited tracks remained 
in the solidification stage.

(4)	 The cooling rate varied in different cooling stages. 
The cooling rate ranged between 0.91×107 K/s and 
1.67×107 K/s in the spreading flow stage, whereas 
it fluctuated between 2.91×106 and 6.93×106 K/s 
in the solidification stage. The liquid flow behav-
iors and β-phase transformation of deposited tracks 
caused by the rapid cooling rates.
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