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Abstract: The three-dimensional physical model of the randomly packed powder
material irradiated by the laser beam was established, taking into account the
transformation of the material phase, the melt spreading and the interaction of
the free surface of the molten pool and the recoiling pressure caused by the mate-
rial evaporation during the selective laser melting. Influence of the processing
parameters on the thermal behavior, the material evaporation, the surface mor-
phology and the densification behavior in the connection region of the molten
pool and the substrate was studied. It was shown that the powder material under-
went the transformation from the partial melting state to the complete melting
state and finally to the overheating state with the applied laser energy density
increasing from 167 J/mm3 to 417 J/mm3. Therefore, the solidified track ranged
from the discontinuous tracks with the rough surface to the continuous tracks with
residual porosities, then to the continuous and dense tracks and terminally to the
fluctuated tracks with the increase in the laser energy density. Meanwhile, the
laser energy effect depth was maintained the positive relationship with the laser
energy density. The vortex velocity obtained in the free surface of the molten pool
towards to the rear region in the opposite laser scan direction promoted the melt
convection to the edge region of the molten pool as the laser energy density was
higher than 277 J/mm3, demonstrating the efficient energy dissipation from the
center of the irradiation region to the whole part of the molten pool and the atten-
dant production of the sufficient melt volume. Therefore, the efficient spreading of
the molten pool and the metallurgical bonding ability of the melt with the sub-
strate was obtained at the optimized laser energy density of 277 J/mm3. However,
the severe material evaporation would take place as the melt was overheated,
resulting in the formation of the residual pores and poor surface quality.
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1 Introduction

Titanium alloy Ti6Al4V, as the typical two types of the crystal structure: α-phase (the hexagonal closed
packed structure) and β-phase (the body-centered cubic structure), has been widely applied in the
aeronautical, the military and the biomedical industries due to the outstanding mechanical and physical
properties [1,2]. With the increased demand in the complex structures and the high performance, the
conventional manufacturing process has encountered large challenges especially in the manufacturing of
the internal gradual channels, the ultrathin wall and the gradient lattice structures [3,4]. To realize the
reasonable supplement of the manufacturing process, selective laser melting (SLM), as one of
the vigorous additive manufacturing processes, has attracted extensive attentions for the production of the
metal components [5–7]. The fabrication principles of the SLM of the desired parts are based on the laser
selective scanning on the powder material in the track by track and the layer by layer manner dependent
on the slicing data and, the metallurgical bonding tracks and layers with the successive tracks and layers
are obtained [8]. Repeating this process, the terminal parts without the restrictions of the complex shapes
are produced. In spite of the advantages of the free form manufacturing process, the metallurgical defects,
such as the residual pores and poor surface morphology, are considerably detrimental to the densification
behavior and the performance of the as-fabricated parts, which is mainly caused by the unstable
thermocapillary convection and the multi-modes of the heat and mass transform within the molten pool
due to the high energy laser beam induced rapid heating and rapid cooling [9,10]. The surface
morphology and the relative density of the metallic parts have a key effect of the wear, the fatigue and
the performance life of the components [11].

The densification behavior of the SLM process of Ti6Al4V material through the experimental method
has been investigated by many researchers. The influence of the processing parameters on the densification,
the roughness and the microhardness of the SLM-processed Ti6Al4V components was studied by Song et al.
[12]. It was found that the densification behavior and the attendant microstructure of the as-processed parts
were highly dependent on the laser power and laser scanning speed. Xiao investigated the effect of the
rescanning cycles on the relative density, the microstructure, the residual stress and the mechanical
properties of the SLM-processed Ti6Al4V material [13]. The relative density of the solidified parts was
changed with the rescanning number and, the elongations of the as-fabricated parts were highly
dependent on the porosity. To produce components with the high density, the Taguchi method through a
statistical design was proposed by Sun et al. to optimize the processing parameters and modify the
densification behavior based on the linear relationship among the relative density and the processing
parameters [14]. The influence of the processing parameters on the surface quality of the SLM-processed
316L parts has been studied by Dursun et al. [15] and, it was found that the surface morphology and
metallurgical defects were fundamentally determined by the laser power and the scan speed. Therefore, it
could be concluded that the processing parameters played an important role in the formation of the
densification behavior, the surface morphology and the final performance of the as-fabricated parts.
However, through the experimental methods, it seemed that there existed a large challenge in discovering
the powder metal melting behavior, the spreading procedure, the surface morphology evolution and the
densification behavior within the molten pool irradiated by the high energy laser beam. Numerical
simulation is an efficient method to investigate the heat and mass transfer and the melt convection during
SLM and, it is vital to understand the mechanisms of the surface morphology evolution and the formation
of the metallurgical defects. The 2D/3D numerically programmed models were established by Körner
et al. using the Lattice Boltzmann Method (LBM) to study the melting and solidification process of
powder material [16,17] and, the capillary and wetting phenomena of the molten pool were studied. The
physical phenomena including the powder melting behavior, the thermocapillary convection and the
material evaporation during the SLM of 316L stainless steel were studied by King et al. using their
home-made code [18] and, the mechanisms of the pore defects, the material spattering and the denudation
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zones were revealed. However, it seemed that the relationships of the processing parameters and the physical
phenomena were not provided. Meanwhile, Wei et al. have pointed out that the recoil pressure played an
important role in the heat and mass transfer within the molten pool [19]. Therefore, the recoil pressure
should be considered in the physical model and, the melt convection and the formation of the potential
defects affecting the forming quality were worth to be discovered.

In this study, the three-dimensional physical model of the randomly packed powder material fabricated
by SLM process was established, taking into account the transformation of the material phase, the melt
spreading and the interaction of the free surface of the molten pool and the recoil pressure caused by the
material evaporation. The effect of the processing parameters on the melting behavior of the powder
material, the melt convection, the surface morphology evolution and the densification behavior during the
SLM process was studied. The relationship of the densification and the surface morphology driven by the
Marangoni convection and the recoil pressure was revealed.

2 Modeling and Experimental Procedures

2.1 Physical Model
During the SLM process, the loose powder material is irradiated by the high energy laser beam,

indicating that there exists a complex interaction between the laser beam and the powder materials. A
schematic of SLM physical model is depicted in Fig. 1, including the melting and solidification, the
phase transformation, the multi-modes of the heat transmission (the conduction, the radiation, the
convection) and the variation of the thermophysical properties of metal materials, including the viscosity,
the surface tension and the thermal conductivity.

Based on the established physical phenomena, a mesoscale computational fluid dynamics (CFD) model
was developed with a three dimension of 300 × 300 × 90 µm3, as shown in Fig. 1b. The geometric powder
bed model was composed of the powder particles and the previous layer/substrate of the Ti material. For the
accurate reproduction of the powder deposited bed, the metallic powders were randomly generated by the
random algorithm in MATLAB to prevent the overlap, excessive gap and some anti-physical phenomena.
The powder particles within a range of radius were produced in the certain powder thickness. To
rationalize the fluid flow within the molten pool, an improved volume of fluid (VOF) method was applied
to solve the coupling of Navier-Stokes equation, Energy conservation, Continuity equation and VOF
equation, along with the evolution of the liquid/gas free interface. Based on the VOF calculation, two
phases were considered: one phase was the randomly packed metallic powder and the metal substrate.
The other was filled with the protection argon gas where the rest regions in the established physical
model. The multi-track scanning strategy was also considered, as illustrated in Fig. 1b. Based on the

Figure 1: Schematic of SLM physical model (a); establishment of randomly packed powder-bed model (b)
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investigations [20], the dynamic viscosity, the thermal conductivity and the surface tension of the melt were
regarded as the function of the operating temperature, including the step change of the solid-liquid transition.
The other thermal physical properties of the applied material were assumed to be constant.

2.2 Governing Equations
In the CFD model, four basic physical governing equations, followed by the conservation of the mass,

the momentum and the energy equation, were described as follows [21]. The laser heat source with a
volumetric Gaussian distribution was from research [22]. The recoil pressure was produced by the
vaporization of the molten material, and it could be derived from the Clausius-Clapeyron equation [23].

Based on the VOF model applied in this two-phase-system simulation, the volume-fraction-averaged
material properties are calculated by:

�x ¼ a1x1 þ a2x2 (1)

a1 þ a2 ¼ 1 (2)

And the volume fraction equation for i phase is

@ai
@t

þ~v � rai ¼ Sai
qi

(3)

where αi represents the volume fraction of i phase.

2.3 Boundary Conditions
Considering the radiation and the convection, the boundary condition at the wall was given by Dai et al.

[24]. The side wall and the bottom wall were settled as the thermal convection wall with the heat transfer
coefficient equal to 10 W/m2K. The thermophysical properties of the applied material are shown in Fig. 2
[25], and the thermal conductivity of the powder material was calculated based on the work [26].

2.4 Experimental Procedures
In this study, the Ti6Al4V powder with a nearly spherical shape and an average diameter of 25 µm was

used as the raw material. The SLM process system was self-developed and mainly consisted of a YLR-500
ytterbium fiber laser with a maximum laser power of 500Wand a laser spot size of 70 µm (IPG Laser GmbH,
Burbach, Germany), an automatic powder layering device, an inert argon gas protection system, and a

Figure 2: Thermophysical properties of Ti6Al4V material applied in the calculation
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computer system for processing controlling. To further validate the accuracy and validity of the physical
model, the experimental processing parameters were in a full accordance with those applied for numerical
simulation (Tab. 1). The pressure of the argon gas within the processing chamber was settled as a
constant of 0.7 kPa throughout the experiments. The surface morphologies of single tracks fabricated by
the SLM process were observed by scanning electron microscope (COXEM-30 Plus).

3 Results and Discussion

3.1 Operating Temperature and Surface Morphology Evolution
Fig. 3 depicts the temperature contour and the surface morphology of the molten pool along the laser

scan direction using different processing parameters. The maximum temperature and the width of the
molten pool were increased with the application of the high energy density. For the laser energy density
of 167 J/mm3, the maximum operating temperature of 2100 K within the molten pool was obtained,
which was slightly higher than the liquidus temperature of Ti6Al4V (1928 K), resulting in the partial
melting of the powder material and the resultant discontinuous track combined with the rough surface
(Fig. 3a). The residual pores had a high tendency to be produced on the top surface. As the laser energy
density increased to 208 J/mm3, the surface of the scan track, appeared with some residual pores, became
smooth with the maximum temperature as high as 3100 K, implying the occurrence of the enhanced
melting behavior of the powder material (Fig. 3b). For the laser energy density of 277 J/mm3, the surface

Table 1: As-used experimental SLM processing parameters

Parameter Value

Powder layer thickness 30 μm

Laser power 250 W

Radius of laser beam 35 μm

Scan speed 1000, 800, 600, 400 mm/s

Diameter range of powder Ti6Al4V 15~43 μm

Figure 3: Operating temperature of the top surface within the molten pool obtained in the laser scanned
tracks using different processing parameters: (a) v = 1000 mm/s, η = 167 J/mm3; (b) v = 800 mm/s, η =
208 J/mm3; (c) v = 600 mm/s, η = 277 J/mm3 and (d) v = 400 mm/s, η = 417 J/mm3
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morphology of the solidified part was shown in the dense and smooth pattern combined with the maximum
temperature of the molten pool reaching 3100 K, leading to the formation of the complete melting of the
powder material and the uniform width of the scan track (Fig. 3c). As the applied laser energy density
was further increased to 417 J/mm3, the melting behavior of the powder material was maintained with the
maximum operating temperature of 3100 K, while it seemed that the disturbance of the molten pool was
considerably increased with the formation of the residual pores located in the rear region of the molten
pool (Fig. 3d). In this situation, the melt tended to splash due to the unstability of the molten pool, which
was detrimental to the surface morphology. It might be mainly derived from the enhanced
thermocapillary convection within the molten pool caused by the sufficient irradiation of the laser energy,
the higher surface tension gradient and the reduced viscosity.

In order to have a thorough understanding of the operating temperature distribution on the free surface of
the molten pool, the temperature curves of the molten pool along the laser scan direction are depicted in
Fig. 4. The operating temperature on the free surface of the molten pool had an apparent temperature
gradient from the irradiation center to the edge of the molten pool. For the laser energy density of 167 J/
mm3, the minimum temperature of the plateau in the rear region and the peak temperature were 1100 K
and 2100 K, respectively. Meanwhile, some valley temperatures with the mean value of 500 K,
considerably below the liquidus temperature of Ti6Al4V material, were obtained, implying the generation
of the non-melting of the powder material and the insufficient melt wetting behavior due to the limited
volume of molten pool (Fig. 3a). As the laser energy density was increased to 208 J/mm3, the peak
temperature was increased to 3000 K combined with the plateau temperature of 1500 K. The valley
temperature near the molten pool was increased to 1600 K, indicating that the enhanced melting behavior
of the powder material and the melt wetting behavior happened. For the laser energy density of 277 J/
mm3, the valley and the plateau of the temperature curves were obviously disappeared with the formation
of the peak temperature of 3400 K, which was mainly derived from the sufficient laser irradiation, the
generation of full volume of molten pool and the efficient melt spreading (Fig. 3c). As the applied laser
energy density was further increased to 417 J/mm3, the maximum temperature of the molten pool was as
high as 4000 K, which was far more than the vaporization point of Ti6Al4V material (3315 K).
Meanwhile, the valley temperature within the molten pool was discovered, implying the unstable state of
the molten pool. Therefore, the serious melt fluctuation was generated due to the decreased viscosity and
the higher temperature gradient, resulting in the formation of the uneven surface morphology (Fig. 3d).

Figure 4: Operating temperature curves predicted on the top surface of the molten pool using different
processing parameters
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3.2 Laser Energy Effect Depth and Material Melting Behavior
The laser energy effect depth along the molten pool depth played a key role in the material melting

behavior, determining the metallurgical bonding ability of the scan track and the substrate. Fig. 5 shows
the temperature contour along the longitudinal direction using different processing parameters. For the
laser energy density of 167 J/mm3, the laser energy effect depth was nearly equal to the powder layer
thickness and, the operating temperature of the substrate was only 800 K (Fig. 5a). As a result, the
residual pores and the poor bonding behavior had a high tendency to be generated.

As the laser energy density was increased to 208 J/mm3, the separated regions of the temperature within
the molten pool above the liquidous temperature of Ti6Al4V material were enlarged. Meanwhile, the laser
energy effect depth was slightly increased with the operating temperature of the substrate reaching 1200 K
(Fig. 5b). However, the metallurgical defects, the residual pores and the partial melting of the powder
material, would happen due to the limited depth of the molten pool and the restricted spreading behavior.
For the laser energy density of 277 J/mm3, the continuous and enlarged region in the laser irradiation was
obtained with the maximum temperature of 3200 K (Fig. 5c). Meanwhile, it was interesting to find that
the temperature of the substrate was increased with the value of 2000 K, implying that the laser energy
effect depth was larger than the thickness of the powder layer. Therefore, the formation of the
metallurgical bonding ability between the substrate and the deposited layer was reasonably obtained due
to the efficient laser energy effect depth. As the applied laser energy density was further increased to 417
J/mm3, the temperature located in the connection area of the deposited track and the substrate was equal

Figure 5: Operating temperature of the molten pool and the protection gas along the longitudinal direction
using different processing parameters: (a) v = 1000 mm/s, η = 167 J/mm3; (b) v = 800 mm/s, η = 208 J/mm3;
(c) v = 600 mm/s, η = 277 J/mm3 and (d) v = 400 mm/s, η = 417 J/mm3
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to 1300 K, assuring the formation of the fine bonding behavior in the successive layers. Meanwhile, the
maximum temperature was not only appeared within the molten pool, but also found in the protection
gas region, implying the occurrence of the material vaporization (Fig. 5d). As a result, the serious
fluctuation of the molten pool was obtained with the appearance of the recoiling pressure caused by the
material evaporation, enhancing the potential of the collapse of the molten pool and the generation of
the residual pores.

The detailed information of the temperature distribution and the temperature gradient along the molten
pool depth using different processing parameters is shown in Fig. 6. The maximum temperature along the
molten pool depth had a positive relationship with the laser energy density and, the maximum
temperature was obtained near the free surface of the molten pool combined with the decrease trend
along the molten pool depth. For the laser energy density of 167 J/mm3, the temperature decreased
linearly with the increase in the distance from the free surface to the bottom of the molten pool where the
temperature was equal to the ambient temperature of 300 K and, the laser energy effect depth was 35 μm,
which was nearly equal to the layer thickness (Fig. 6a). As the laser energy density was increased to 208
J/mm3, the linear relationship of the operating temperature and the depth of the molten pool was
maintained and, the occurrence of the heat accumulation within the molten pool was obtained. Therefore,
the heat dissipation rate through the thermal conduction, the heat convection and the heat irradiation was
transformed, leading to the formation of the large region of the molten pool and the increased energy
effect depth (Fig. 6b). For the applied laser energy density of 277 J/mm3, the temperature transformation
trend along the molten pool depth was maintained with the laser energy effect depth of 45 μm, realizing
the melting of the substrate (Fig. 6a). Meanwhile, the melt temperature within the laser irradiation region
was as high as 3250 K, which was equal to the vaporization point of Ti6Al4V material (3315 K). As the
applied laser energy density was increased to 417 J/mm3, the decrease trend of the temperature was
maintained in the same pattern, while the valley temperature located in the free surface of the molten
pool was obtained. Meanwhile, the maximum temperature was generated above the surface of the molten
pool with the value of 4000 K, implying that the severe material vaporization was considerably produced.
As a result, the phenomenon of the material vaporization was detrimental to the surface morphology and
the resultant densification behavior [20,23]. The temperature gradient near the free surface of the molten
pool was fluctuated between 0 and 2.5 × 107 K/m for the laser energy density ranging from 167 J/mm3 to
208 J/mm3. As the laser energy density was increased to 277 J/mm3, the temperature gradient near the
free surface of the molten pool was increased towards to the bottom of the molten pool, reaching the
maximum value of 1.0 × 108 K/m and promoting to the generation of the desired surface tension. As the

Figure 6: Temperature curves (a) and the temperature gradient (b) predicted along the laser penetration
depth direction using different processing parameters
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applied laser energy density increased to 417 J/mm3, the temperature gradient in the neighboring area of the
molten pool originally underwent the opposite trend with the formation of the negative temperature gradient
and then, the trend turned to the positive value and reached the maximum value of 1.2 × 108 K/m (Fig. 6b),
caused by the formation of the material vaporization (Fig. 5d). For the connection region near the substrate,
the maximum temperature gradient was obtained due to the efficient heat diffusion.

3.3 Densification Behavior and Melt Wetting Ability with the Substrate
The densification behavior in the connection region and the stable fabrication of the whole parts was

sensitive to the melt wetting ability with the substrate or the as-processed layer. The densification
behavior and the residual pores within the longitudinal-sections using different processing parameters are
shown in Fig. 7. For the applied laser energy density of 167 J/mm3, the powder particles were partially
melted and the attendant residual pores with the irregular patterns were located in the connection region
of the deposited track and the substrate (Fig. 7a), resulting in the formation of the continuous gaps within
the solidified parts. Therefore, the metallurgical bonding ability of the deposited layers was poor, having
a negative effect on the powder bed quality caused by the interaction of the spalling layer with the
scraper. As the laser energy density was increased to 208 J/mm3, the metallurgical bonding ability with
the deposited layer and the as-processed part was apparently enhanced with the decreased number and
size of the residual pores (Fig. 7b), implying the increased volume of the melt caused by the increased
laser energy effect depth (Fig. 5b). For the laser energy density of 277 J/mm3, the densification behavior

Figure 7: Densification behavior and residual pores along the longitudinal direction using different
processing parameters (P = 250 W): (a) v = 1000 mm/s, η = 167 J/mm3; (b) v = 800 mm/s, η = 208 J/
mm3; (c) v = 600 mm/s, η = 277 J/mm3 and (d) v = 400 mm/s, η = 417 J/mm3
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of the longitudinal-sections of the solidified part was considerably increased with the disappearance of the
residual pores (Fig. 7c) and, the excellent bonding ability, derived from the efficient melting of
the powder material and the wetting behavior with the substrate, was obtained. Meanwhile, the surface
morphology of the solidified part was fluctuated with the elimination of the penetrated pores. As the
applied laser energy density was further increased to 417 J/mm3, the wetting behavior and
the densification of the solidified part were fine while, the serious fluctuation of the free surface of the
molten pool was generated due to the material evaporation and the attendant recoil pressure (Fig. 6a).
The unstable molten pool had a high tendency to produce the irregular pores caused by the collapse of
the molten pool and the entrapment of the gas phase (Fig. 7d). As a result, a large roughness of the top
surface and a decreased relative density was obtained.

The surface morphology evolution and the densification behavior of the solidified part were sensitive to
the velocity vector of the free surface within the molten pool. The velocity vectors of the free surface of the
molten pool using different processing parameters are shown in Fig. 8. The velocity distribution of the free
surface of the molten pool along the laser scan direction is shown in Fig. 9. For the application of the laser
energy density of 167 J/mm3, the velocity vector of the free surface was pretty blurry and the velocity value
was considerably tiny (Fig. 8a), which was caused by the higher melt viscosity and the restricted surface
tension gradient. The mean velocity was about 0.6 m/s. As the laser energy density was increased to 208
J/mm3, the velocity vector of the melt was shown in the radially outward pattern (Fig. 8b). The mean

Figure 8: Velocity vector obtained within the molten pool using different processing parameters: (a) v =
1000 mm/s, η = 167 J/mm3; (b) v = 800 mm/s, η = 208 J/mm3; (c) v = 600 mm/s, η = 277 J/mm3 and (d)
v = 400 mm/s, η = 417 J/mm3
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melt velocity was 1.5 m/s combined with the apparent value fluctuation (Fig. 9), indicating the efficient
transportation and wetting of the melt. For the applied laser energy density of 277 J/mm3, the velocity
vector towards to the rear region of the molten pool was generated and meanwhile, the vortex vector of
the melt in the irradiated region promoted the melt convection to the edge region of the molten pool,
enhancing the energy dissipation from the center of the molten pool and the resultant production of the
sufficient volume of melt (Fig. 8c). As the applied laser energy density was further increased to 417 J/
mm3, the velocity vector in the irradiated region was shown in the radially outward direction with the
maximum velocity value of 6 m/s (Figs. 8d and 9), implying the formation of the serious material
evaporation and the fluctuation of the molten pool. Therefore, the surface quality and the spreading
behavior of the molten pool were negatively controlled. Therefore, it could be concluded that the
intensive velocity vector showed an improved wetting and spreading behavior, which contributed to
the variation of the surface morphology and the motion of the gas phase within the molten pool for the
densification behavior.

3.4 Experimental Verification
The surface morphology of the laser scan track using different processing parameters is shown in

Fig. 10. For the application of the laser energy density of 167 J/mm3, the solidified track was shown in
the broken drops (Fig. 10a), which was consistent with the discontinuous tracks predicted by the
simulation (Fig. 3a). The contraction was appeared in the both ends of the solidified broken tracks, which
was caused the compromising interaction between the surface tension and the melt viscosity (Fig. 8a). As
the laser energy density was increased to 208 J/mm3, the continuous track was obtained with the
appearance of the apparent necks due to the melt shrinkage behavior (Fig. 10b). In this situation, it could
be confirmed that the melt disturbance was enhanced caused by the enhanced temperature gradient
(Fig. 6b). For the laser energy density of 277 J/mm3, the uniform width of the continuous scan track was
obtained (Fig. 10c), which was caused by the generation of the velocity vector towards to the rear region
of the molten pool and the attendant wetting behavior of the melt (Fig. 8c). As the laser energy was
further increased to 417 J/mm3, the continuous track was obtained while, some tiny drops were appeared
on the solidified surface of the scan track combined with the disappearance of the uniform width of the
scan track (Fig. 10d), which was mainly caused by the formation of the enhanced melt disturbance due to
the material evaporation and the attendant recoiling pressure (Figs. 8d and 9).

Figure 9: Velocity distribution on the free surface of the molten pool along the laser scan direction using
different processing parameters
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4 Conclusions

The simulation of the thermodynamics behavior within the molten pool and the surface morphology
evolution during selective laser melting of Titanium alloy Ti6Al4V has been performed. The laser energy
effect depth, the melt convection, the metallurgical bonding ability and the mechanisms of the surface
morphology evolution and the densification behavior were revealed.

1. The surface underwent the typical change from the discontinuous track with the rough surface to the
continuous tracks with residual porosities, then to the continuous tracks with the dense surface and
finally to the fluctuated tracks with collapsed pores were generated with the increase in the applied
laser energy density.

2. The maximum temperature and the plateau temperature were obtained as the laser energy density was low
and, some valley temperatures were generated, implying the different melting behavior of the powder
material. While as the laser energy density was too high, the severe material evaporation would
happen combined with the appearance of the plateau temperature, disturbing the melt convection. In
the optimized laser energy density, the efficient melt convection and the spreading would promote the
formation of the fine surface morphology and the relative density.

3. The laser energy effect depth played an important role in the formation of the metallurgical bonding
ability between the molten pool and the substrate or the as-processed layer. The irregular pores or the
collapsed pores in the connection region caused by the partial melting of the powder material or the
collapse of the molten pool due to the recoil pressure were obtained.
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