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Abstract: An investigation was conducted to understand how different parameters, 

namely laser power, scan speed and hatch spacing, influence the printing qualities, i.e. 

surface roughness, porosity and crack density of the nickel-based superalloy Inconel 

738LC during laser powder bed fusion. Insufficient overlap, Plateau–Rayleigh 

instability and Marangoni convection were identified and characterized as the factors 

that could deteriorate the surface quality of as-built IN738LC parts. Two leading causes 

of pore were determined by metallographic analysis and computed tomography as lack 

of fusion and keyhole, which were attributed to different energy input densities. Crack 

density was measured by metallographic observation. Residual stress and the time for 

solidification of melt were identified as the key factors that affected the crack density. 

Finally, the relationships between the printing qualities and volume energy density were 

established by regression analysis, and the VED of ~ 48 J/mm3 was optimal for 

fabricating IN738LC in the LPBF process 

Keywords: Laser powder bed fusion, nickel-based superalloy, processing parameters, 

surface roughness, porosity, crack density. 

1. Introduction 

Additive Manufacture (AM), also known as 3D Printing, has attracted wide 

attention from both engineering and research communities due to the advantages of 

high design freedom, minimal feedstock waste and less post-machining steps. Laser 

powder bed fusion (LPBF) is a powder bed AM technique, where the bulk objectives 

are fabricated directly from metallic powders in a “layer by layer” fashion. Guo et al. 

(2018) suggested that LPBF had become one of the most dominant techniques in the 
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metal AM process. 

Inconel 738LC (IN738LC) is a high-end nickel-based superalloy with an fcc-γ 

matrix and mainly strengthened by fine γ′ precipitations with Ni3(Al, Ti) chemical 

composition and L12 crystal structure. IN738LC exhibits a high creep and corrosion 

resistance at elevated temperatures, which enables its wide use in the aerospace field as 

turbines disc and blades, etc. (Wang et al. (2019)). Recently, the LPBF technique is also 

applied to process IN738LC in order to meet the high requirement of the complex shape 

and the design freedom of components. However, the IN738LC alloy has been known 

as an un-weldable alloy due to its high contents of Ti and Al (Ti+Al > 6 wt%), indicating 

that the process window of IN738LC processed by LPBF is too limited to obtain the 

components without any defects. 

Due to the complex fluid dynamics and solidification process of the metallic liquid 

in melt pool, the objectives processed by LPBF still undergo a problem in terms of high 

surface roughness. Although the outer layer of printed parts can be machined by post-

processing, the surface quality of powder layer can significantly affect the subsequent 

spreading of powders and further influence the generation of defects during 

manufacturing. Tian et al. (2017) indicated that the balling effect was the main factor 

that deteriorated the surface quality of the Hastelloy X parts produced by LPBF. Qiu et 

al. (2015) directly observed the interaction between laser beam and powder bed. They 

suggested that the Marangoni force and the recoil pressure were the main reason 

causing the instability of melt flow, which was responsible for high surface roughness. 

Mumtaz, Hopkinson (2009) conducted a single scanning experiment on the Inconel 625 
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parts with different parameters. And they remarked that a relatively high peak power 

aided a reduction in surface roughness for both top and side surfaces of the printed parts 

due to the improved wettability of melt pool. Pore is also susceptible to the processing 

parameters in the LPBF process. Cloots et al. (2016) found two types of pores i.e. 

spherical pore and bonding defects in the IN738LC parts manufactured by LPBF and 

they thought that the scan speed of 900 mm/s was an inflection point between low and 

high porosity. However, when energy input density (laser power/scan speed) exceeded 

a specific value, another type of pore appeared accompanying with keyhole in the 

research of Guraya et al. (2019) when they processed IN738LC using LPBF. Among 

the defects in IN738LC, cracking is the most serious due to its bad effect on mechanical 

properties. The processing parameters can significantly affect the cracking in the LPBF 

process. Cloots et al. (2016) suggested that increasing scan speed could decrease the 

crack density of IN738LC in both Gaussian and doughnut profile of the laser beam. 

Chen et al. (2016) had a similar finding in laser additive manufactured Inconel 718. 

Wang et al. (2019) applied a large range of laser powers and scan speeds on the 

IN738LC alloy fabricated by LPBF. They found that a number of process parameters 

could yield the parts with a large amount of cracking and some of them even failed to 

be built in terms of wrapping. 

LPBF parameters like laser power, scan speed and hatch spacing can significantly 

affect the printing behaviors and further affect the mechanical properties of printed 

components. In order to obtain the parts with excellent qualities, it is essential to 

understand the influence of these parameters on the formation of defects and their action 
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mechanisms. In the present work, the printing qualities of IN738LC manufactured by 

LPBF, i.e. surface, pore and crack were investigated by a single variable method to find 

the formation mechanism of these defects with different laser powers, scan speeds and 

hatch spacings as an approach towards eliminating them. The results would be also 

helpful to understand the fluid dynamics and the solidification behavior of melt pool in 

the LPBF process.  

2. Experimental procedure 

2.1. IN738LC powder 

The IN738LC powder used in the present investigation were provided by gas 

atomization in an argon atmosphere from LPW Technology Ltd (UK). Particle 

distribution was measured by a laser particle size analyzer (LPA) and the D-values were 

D10 = 27.6 μm, D50 = 39.1 μm and D90 = 49.3 μm. The chemical composition of the 

powder is listed in Table 1. A Hitachi TM3000 scanning electron microscope (SEM) 

was performed to observe the morphology of the powders, as shown in Fig. 1. 

Ni Co Cr W Ta Ti Al Mo Nb Zr B C 

Bal. 8.44 15.9 2.57 1.73 3.33 3.4 1.81 0.88 0.04 0.01 0.11 

Table 1 Chemical composition of the IN738LC powder (wt%). 



 

6 
 

 

Fig. 1. SEM image of the IN738LC powders. 

2.2. LPBF process 

The LPBF process was conducted by a Concept Laser M2 Cusing system equipped 

with a 400 W continuous-wave fiber laser and the maximum scan speed could reach 

4200 mm/s. An experiment with the single variable method was designed among these 

three key parameters (hatch spacing, scan speed and laser power), where the primary 

parameter increased in gradient while the other two were fixed. However, it was 

challenging to measure the crack density on the samples with high porosity in the 

current experimental condition. On the one hand, pores might hide the presence of 

cracks on polished surfaces. On the other hand, the stress that caused cracking would 

be relieved to some extent through pores. These could weaken the responsivity of the 

parameters on the crack density, implying that the porosity needed to be strictly 

controlled in the samples for the study of cracks. Thus, two series of parameters were 

applied for the investigations of porosity (surface roughness) and crack density, as given 

in Table 2 and Table 3, respectively. The thickness of layer was fixed as 30 μm and the 

scan strategy was 90o raster, i.e. the scan direction was uniform in a layer and rotated 
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90o between layers, as shown in Fig. 2a. The samples were built into cubes with the 

dimensions of 10 mm × 10 mm × 10 mm for metallographic observation and 50 mm × 

15 mm × 15 mm for tensile testing. Furthermore, the samples for the study of cracks 

were annealing treated together with the substrate at 840 oC for 24 h (Messé et al. (2018)) 

in order to relieve the stress, avoiding the formation of new cracks after cutting from 

the substrate. 
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Sample 

Laser power 

(W) 

Scan speed  

(mm/s) 

Hatch spacing 

(μm) 

Volume energy 

density (J/mm3) 

1 200 2000 30 111.11 

2 200 2000 45 74.07 

3 200 2000 60 55.56 

4 200 2000 75 44.44 

5 200 2000 90 37.04 

6 200 1000 75 88.89 

7 200 1500 75 59.26 

8 200 2000 75 44.44 

9 200 2500 75 35.56 

10 200 3000 75 29.63 

11 150 2000 90 27.78 

12 200 2000 90 37.04 

13 250 2000 90 46.30 

14 300 2000 90 55.56 

15 350 2000 90 64.81 

Table 2 Processing parameters for the analysis of the surface roughness and the 

porosity. 
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Sample 

Laser power 

(W) 

Scan speed  

(mm/s) 

Hatch spacing 

(μm) 

Volume energy 

density (J/mm3) 

1 250 2000 50 83.33 

2 250 2000 60 69.44 

3 250 2000 70 59.52 

4 250 2000 80 52.08 

5 200 1500 60 74.07 

6 200 1750 60 63.49 

7 200 2000 60 55.56 

8 200 2250 60 49.38 

9 175 2000 60 48.61 

10 200 2000 60 55.56 

11 225 2000 60 62.50 

12 250 2000 60 69.44 

Table 3 Process parameters for the analysis of the crack density. 
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Fig. 2. (a) Schematic representation of the 90o raster scan strategy, (b,c) schematic 

representation of the sample cutting method, (d-f) analysis procedure for the porosity, 

(g-i) analysis procedure for the crack density. 

2.3. Analysis procedure 

To measure the surface roughness, top surfaces of the samples were scanned by a 

laser scan confocal microscope (LSCM) from OLYMPUS LEXT. The surface 

roughness was determined by averaging nine different scanning areas with the 

dimensions of 1280 μm × 960 μm. Morphology of the surfaces was observed by a 

PHILIPS XL-30 SEM. The samples were cut parallel to the building direction into three 

sections by a wire electro-discharge machining (EDM) for the porosity and crack 

density measurements, as shown in Fig. 2b and Fig. 2c. These sections were ground 

sequentially by 400 CW, 600 CW, 1000 CW, 1500 CW abrasive paper and then polished 

down by 0.04 μm colloidal silica suspension. The measurements were conducted using 
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Image J from optical microscopic (OM) observation and the procedure is depicted in 

Fig. d-i. Porosity was the ratio of the total area of pores to the total measurement area. 

Crack density was measured in terms of Fig. 2h, where the cracks were identified by 

the image threshold technics. The length of each crack was measured and added 

together, and the result was the ratio of the total length of cracks to the total 

measurement area. The reported porosity and crack density were averaged from five 

different images taken in each section. Details of pores were observed by the Hitachi 

TM3000 SEM. 3D characterization of pores was performed by a diondo d2 computed 

tomography (CT) system with the samples in the dimensions of 3 mm × 3 mm × 3 mm. 

In the CT testing, the monochromatic beam volt and current were 120 kV and 90 μA, 

respectively with a resolution ratio of 2 μm/pixel. 2040 tomograms reconstruction and 

data collection were operated by diControl and VG Studio software.  

2.4. Tensile testing 

Tensile testing was conducted under a strain rate of 2 mm/min by a ZJSY RDL100 

tensile testing machine at room temperature for the samples perpendicular to the 

building direction. The reported data were the average of five tests. All the samples 

were annealing treated before testing in order to avoid the formation of new cracks 

after cutting from the substrate and ensure that the defects were the only factor affecting 

the mechanical properties. 

3. Results and discussion 

3.1. Surface roughness 

3.1.1. Effect of hatch spacing 
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Fig. 3a shows the surface roughness (Ra) as a function of the hatch spacing. It can 

be seen that the surface roughness increased with increasing the hatch spacing in case 

that the hatch spacing was larger than 45 μm. The highest surface roughness was 21.1 

μm at the hatch spacing of 90 μm, while the lowest value was 11.16 μm when the hatch 

spacing was 45 μm. However, the surface roughness at the lowest hatch spacing (30 

μm) was higher than that at 45 μm. 

 

Fig. 3. Surface roughness as a function of (a) the hatch spacing (laser power 200 W, 

scan speed 2000 mm/s), (b) the scan speed (laser power 200 W, hatch spacing 75 μm), 
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(c) the laser power (scan speed 2000 mm/s, hatch spacing 90 μm), (d) the scan speed 

(laser power 200 W, hatch spacing 30 μm) and (e) the laser power (scan speed 2000 

mm/s, hatch spacing 30 μm). 

The SEM and reconstruction images of the top surfaces are shown in Fig.4. Big 

gaps between the adjacent laser tracks were observed when the hatch spacing was high, 

as shown in Fig. 4e. The corresponding reconstruction image (Fig. 4f) shows a large 

height difference between the top and the bottom of the tracks, which directly resulted 

in high surface roughness. On the contrary, when the hatch spacing was low, sufficient 

overlaps between the tracks was favorable to form a relatively flat surface, as shown in 

Fig. 4c. Nevertheless, when the hatch spacing continued reducing to 30 μm, the surface 

roughness increased to 13.92 μm with a large deviation. It can be explained by the 

humping phenomenon due to the Marangoni flow as a considerably low hatch spacing 

is applied in the LPBF process. The schematic for illustrating the transfer of melt 

between the tracks with different hatch spacings is revealed in Fig. 5. In the study of 

Rombouts et al. (2006) and Zhou et al. (2015), they held the idea that the Marangoni 

convection occurred when melt flowed from the regions with low surface tension to the 

region with high surface tension in melt pool. Typically, surface tension is inversely 

related to temperature, implying a high temperature favors a low surface tension. The 

temperature in the center of melt pool is normally higher than that located on the edge. 

Therefore, the direction of the attendant Marangoni flow is from the center to the edge, 

which results in a mass transfer of melt from the present track to the previously 

fabricated tracks. When the hatch spacing is relatively large, the melt transferred by the 
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Marangoni flow can fill in the gaps between the tracks, which contributes to a flat 

surface, as shown in Fig. 5a. Tan et al. (2018) found a clear trace of the Marangoni flow 

at the bottom of the melt pool in the steel-copper functional bimetal produced by LPBF 

since the high thermal conductivity of copper increased the temperature gradient, by 

which the Marangoni flow was enhanced. The temperature gradient between tracks 

increases at a low hatch spacing, which is proven by Xia et al. (2016) using the 

simulation method, thus increasing the trend of the Marangoni flow. In addition, a low 

hatch spacing can increase thermal accumulation and a relatively high working 

temperature is obtained in melt pool. The high temperature tends to reduce the viscosity 

of melt, which is beneficial for the Marangoni flow. Therefore, the vigorous Marangoni 

flow increases the intensity of the mass transfer to the previously fabricated tracks at a 

considerably low scan spacing, inducing a stacking of material on the top surface of the 

tracks, and then the micro-humping occurs after solidification, as shown in Fig. 5b. Fig. 

4a and b show the micro-humping phenomenon by SEM and LSCM (red dotted line). 
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Fig. 4. SEM and reconstruction images of the top surfaces at the hatch spacings of 

(a,b) 30 μm, (c,d) 45 μm and (e,f) 90 μm (laser power 200 W, scan speed 2000 mm/s). 

 

Fig. 5. Illustrations of the mass transfer between the tracks at (a) the high hatch 

spacing, and (b) the low hatch spacing. 
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3.1.2. Effect of scan speed 

Fig. 3b shows the surface roughness as a function of the scan speed. The surface 

roughness had a clear increasing trend with the increase of the scan speed. The scan 

speed of 1000 mm/s corresponded to a minimum roughness and the surface roughness 

was 13.24 μm.  

When the scan speed is low, the high energy input density (laser power/scan speed) 

induces the powders to fully melt, which is beneficial for the formation of a flat surface, 

indicated by the SEM and reconstruction images of the top surface in Fig. 6a and b. As 

the scan speed increased to 2000 mm/s, the tracks began to swell and clear gaps between 

the tracks could be seen, as shown in Fig. 6d. When the scan speed reached 3000 mm/s, 

the tracks became fluctuant and irregular-shaped, suggesting that an unstable condition 

occurred. In this instance, from Fig. 6e, the discontinuity and the instability of the track 

made it difficult to recognize the scan direction of the laser beam. The Plateau–Rayleigh 

instability contributes to this unstable condition when a considerably high scan speed 

is applied in LPBF. Scipioni et al. (2017) and Li et al. (2017) thought that a molten track 

could be regarded as a liquid cylinder during the reaction between the laser beam and 

the powder bed.  is the length of the cylinder, and D is the diameter. The instability 

occurs when the ratio of  to D is larger than as shown in Fig. 7a. Yadroitsev et al. 

(2010) thought that the stability of melt was related to the contact angle  between the 

liquid cylinder and the substrate. They suggested that the track trended to stay stable if 

. While in the LPBF process, the top layer is scanned based on the previously 

fabricated layers, thus, < π/2 is difficult to sustain. Swell and shrinkage tend to result 
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in the necking down, inducing the fluctuation of the tracks, as shown in Fig. 7b. As a 

result, the liquid cylinder trends to break up into small droplets in order to lower the 

surface energy, known as the balling phenomenon in LPBF. Rayleigh (2010) found that 

the break time reached its minimum when πD/λ = 0.697 and the time was: 

3 1t {0.3433 / [ ( / 2) ]}LV D                      (1) 

where LV is the surface tension and  is the melt density. When D is 100 μm, LV is 1.88 

N/m,  is 7324 kg/m3 for IN738LC according to the study of Quested et al. (2013), the 

break time is ~ 65 μs. Rombouts et al. (2006) thought that this time was well below the 

typical solidification time in the LPBF process. In this instance, the breaking up of 

tracks happened before it solidified, implying the occurrence of the balling 

phenomenon. They also found that the increase of scan speed led to an increase of the 

melt pool size and this increase was mainly caused by the pool length, which 

accordingly increased the ratio of λ to D. Therefore, the high scan speed increases the 

possibility of the presence of the Plateau–Rayleigh instability. 
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Fig. 6. SEM and reconstruction images of the top surfaces at the scan speed of (a,b) 

1000 mm/s, (c,d) 2000 mm/s and (e,f) 3000 mm/s (laser power 200 W, hatch spacing 

75 μm). 

 

Fig. 7. (a) Illustration of the disturbance of the liquid cylinder, (c) SEM image of the 

fluctuation of the track, showing the necking down occurs at the scan speed of 3000 

mm/s (laser power 200 W and hatch spacing 75 μm). 
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Fig. 8 shows the top surface with the different scan speeds at high magnification. 

As the scan speed increased, more and more pores appeared. From Fig. 8a and b, at the 

scan speed of 1000 mm/s and 1500 mm/s, the surface exhibited free of any pore. 

However, from Fig. 8d and e, as the scan speed continued increasing to 2500 mm/s and 

3000 mm/s, the number of pores increased gradually, which was attributed to the 

uneven spread of powders and the open pores. The low flowability limits the melt to 

spread and wet the neighboring tracks fully during the rapid cooling process at a highly 

applied scan speed in LPBF, thus causing the open pores. As mentioned earlier, 

viscosity is temperature-dependent, high scan speed tends to lower the working 

temperature and increase the viscosity of melt during solidification. The melt with high 

viscosity is less likely to migrate toward the adjacent tracks. After solidification and 

shrinkage, the open pores are formed, as shown in Fig. 8e. Xia et al. (2017) also 

observed that the number of open pores increased with increasing the scan speed during 

the LPBF of Inconel 718. Khairallah et al. (2016) thought that open pores were formed 

after the laser beam passed through the present location and accompanying with the 

increase of surface tension, the pores kept opening due to the depression by the recoil 

force. Furthermore, a large number of un-melted particles caused by the lack of fusion 

can be observed at the scan speed of 3000 mm/s, as shown in Fig. 8f. 
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Fig. 8. SEM images at high magnification of the top surfaces at the scan speed of (a) 

1000 mm/s, (b) 1500 mm/s, (c) 2000 mm/s, (d) 2500 mm/s, (e, f) 3000 mm/s (laser 

power 200 W, hatch spacing 75 μm). 

Due to the abnormal condition related to the micro-humping phenomenon when a 

low hatch spacing was applied, the surface roughness as a function of the scan speed 

was investigated at the hatch spacing of 30 μm, as shown in Table 4. The results are in 

Fig. 3d. Similarly, high scan speed (3000 mm/s) deteriorated the surface quality and the 

corresponding surface roughness was 16.96 μm. It was better than that when the hatch 

spacing was 75 μm (the surface roughness was 23.4 μm) since the overlap was 

improved at a low hatch spacing. However, it is evident that the lowest surface 

roughness was attained at the scan speed of 2500 mm/s, and the micro-humping 

occurred with a continuous reduction of scan speed, inducing high surface roughness 

at 2000 mm/s and 1500 mm/s. It is worth noting that macro-humping could be seen 

when the scan speed was 1000 mm/s, as shown in Fig. 9a. In this instance, the solidified 

materials exhibited as an irregular wave-morphology on the top surface due to the 

accumulation of violent mass transfer and the instability of melt, which exceeded the 



 

21 
 

measurement of surface roughness using LSCM. Low scan speed will increase the time 

interval between tracks and relevantly promote the heat transfer from the present track 

to previously solidified material, which could increase the thermal gradient between 

tracks and further enhance the intensity of humping. Furthermore, the melt with low 

viscosity induced by low scan speed also favors aggravating the mass migration of melt. 

Sample 

Laser power 

(W) 

Scan speed  

(mm/s) 

Hatch spacing 

(μm) 

Volume energy 

density (J/mm3) 

1 200 1000 30 222.22 

2 200 1500 30 148.15 

3 200 2000 30 111.11 

4 200 2500 30 88.89 

5 200 3000 30 74.07 

Table 4 Processing parameters for the analysis of the relationship between the surface 

roughness and the scan speed at the hatch spacing of 30 μm. 

 

Fig. 9. Images of the macro-humping phenomenon on the top surfaces of the samples 

with the parameters of (a) hatch spacing 30 μm, laser power 200 W, scan speed 1000 
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mm/s and (b) hatch spacing 30 μm, laser power 350 W, scan speed 2000 mm/s. 

3.1.3. Effect of laser power 

Fig. 3c illustrates a linear drop in the surface roughness with increasing the laser 

power from 150 W to 350 W. Big gaps were formed between the tracks due to the lack 

of overlap at the laser power of 150 W, as shown in Fig. 10a. Although the tracks kept 

stable along the laser scanning direction, the big gaps between the tracks and the 

intermittent discontinuity tended to induce a poor surface quality. When the laser power 

increased to 250 W, in contrast, the top surface became flat due to the sufficient overlap 

with an efficient metallurgical bond between the tracks. However, some pores can still 

be observed between the tracks, as shown in Fig. 10c. Meanwhile, the discontinuity 

phenomenon disappeared. Continuous elevating the laser power to 350 W, a high-

quality surface was obtained (Fig. 10e and f). 
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Fig. 10. SEM and reconstruction images of the top surfaces at the laser power of (a,b) 

150 W, (c,d) 250 W and (e,f) 350 W (scan speed 2000 mm/s, hatch spacing 90 μm). 

In addition, another type of balling was observed when the laser power was as high 

as 250 W and 300 W, as shown in Fig. 11b. This type of balling phenomenon is ascribed 

to the reverse flow direction of the Marangoni convection. As it is mentioned, normally, 

the direction of the Marangoni convection is from the center of melt pool to the edge, 

which induces a considerable amount of melt to flow towards the neighboring tracks. 

However, some elements with high surface activity characteristics can significantly 

reduce the surface tension of melt, which further changes the sign of the gradient of 

surface tension to temperature and the Marangoni convection is accordingly dragged 
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from the edge of melt pool to the center. A large amount of melt comes together and an 

agglomeration of material is formed, which exhibits as a ball morphology on the top of 

the melt pool after solidification, as illustrated in Fig. 11a. Rombouts et al. (2006) and 

Zhou et al. (2015) found that sulfur and oxygen were the key elements that could induce 

the balling phenomenon. Li, Gu (2014) thought that the temperature gradient increased 

significantly at high laser power, which could induce a high gradient of surface tension 

along the building direction and enhance the Marangoni convection. Therefore, this 

type of balling is more likely to occur at high laser power. When the laser power reached 

its maximum value, i.e. 350 W, however, no balling was formed, as shown in Fig. 10e. 

It is primarily attributed to that a high peak temperature induced by the considerably 

high laser power results in the intensive evaporation in melt pool, which can promote 

the recoil pressure. As indicated by Mumtaz, Hopkinson (2009), a strong recoil 

pressure had the function to detach balls from the solidifying melt pool. Kruth et al. 

(2004) also thought that the application of high laser power could reduce the trend for 

the melt pool to undergo the balling phenomenon. 

 

Fig. 11. (a) Illustration of the mechanism of the balling induced by the Marangoni 

convection, (b) SEM image of a balling morphology at the laser power of 250 W 

(scan speed 2000 mm/s, hatch spacing 90 μm). 
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Similarly, the surface roughness was studied with different laser powers at the 

hatch spacing of 30 μm, and the parameters are listed in Table 5. The surface roughness 

as a function of the laser power is shown in Fig. 3e. Although the humping phenomenon 

was found at 200 W, the incomplete melting induced by low laser power (150 W) led 

to a worse surface quality than that at 200 W. The surface roughness decreased from 

14.64 μm to 13.92 μm when the laser power increased from 150 W to 200 W. The 

humping effect became more obvious at 250 W and 300 W, and the corresponding 

surface roughness increased to 22.19 μm and 31.78 μm, respectively. Fig. 9b shows the 

macro-humping on the sample with the laser power of 350 W. The violent mass transfer 

related to high laser power was primarily ascribed to the high thermal gradient between 

tracks (Li, Gu (2014)) and the low-viscosity melt induced by high energy input density. 

Sample 

Laser power 

(W) 

Scan speed  

(mm/s) 

Hatch spacing 

(μm) 

Volume energy 

density (J/mm3) 

1 150 2000 30 83.33 

2 200 2000 30 111.11 

3 250 2000 30 138.89 

4 300 2000 30 166.67 

5 350 2000 30 194.44 

Table 5 Processing parameters for the analysis of the relationship between the surface 

roughness and the laser power at the hatch spacing of 30 μm. 

3.2. Porosity 

3.2.1. Effect of hatch spacing  
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Fig. 12 shows the porosity as a function of the hatch spacing. It can be seen that 

the porosity increased gradually from 0.1% to 1.11% with the hatch spacing increased 

from 45 μm to 75 μm and rapidly up to 11.47% at the hatch spacing of 90 μm. The high 

porosity at the hatch spacing of 90 μm is due to the insufficient overlap between the 

laser tracks, as shown in Fig. 4e. Un-melted powders due to the lack of fusion were 

trapped in these irregular-shaped pores, as shown in Fig. 13. Interestingly, the porosity 

obviously increased to 5.18% with a large deviation at the hatch spacing of 30 μm. It is 

primarily attributed to the micro-humping phenomenon, which causes the powder layer 

to be unevenly spread on the previously fabricated layers. When the layer is too thick 

for the laser beam to penetrate, the pores are correspondingly formed due to the 

incomplete bond between layers. Besides, Qiu et al. (2015) suggested that a thick layer 

increased the instability of the melt pool and resulted in the discontinuity of tracks and 

more spatter. The uneven thickness of the powder layer accumulates as the LPBF 

process continues due to the contingency of micro-humping. Therefore, the 

maldistribution of pores tended to appear on the polished surface, indicating a large 

data deviation in Fig. 12a. 
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Fig. 12. Porosity as a function of the hatch spacing, inserted OM images show the 

polished surfaces at hatch spacings of (a) 30 μm, (b) 45 μm, (c) 60 μm, (d) 75 μm and 

(e) 90 μm (laser power 200 W, scan speed 2000 mm/s). 

 

Fig. 13. SEM image of the polished surface showing the un-melted powders at the 

hatch spacing of 90 μm (laser power 200 W, scan speed 2000 mm/s). 

3.2.2. Effect of scan speed 

The porosity as a function of the scan speed is shown in Fig. 14. It is apparent that 

both high and low scan speeds could result in high porosity. When the scan speed was 

1000 mm/s, the corresponding porosity was 3.07%, which was higher than that at the 
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scan speed of 1500 mm/s. As the scan speed increased from 1500 mm/s to 3000 mm/s, 

the porosity increased from 0.054% to 13.12%. The lack of fusion induced by the high 

scan speed is the primary cause of the high porosity, as shown in Fig. 15a. The Plateau–

Rayleigh instability can be also observed at the scan speed of 3000 mm/s, as shown in 

Fig. 15b. The fluctuation causes wave crests and wave troughs along the laser scan 

direction. When the two wave crests overlap together, a bridge-like structure with a 

dense metallurgical bond is formed. Whilst when the two wave troughs encounter, a big 

gap appears as a pocket with a large number of un-melted powders trapping in it. The 

insert image of Fig. 15b illustrates this process.  

 

Fig. 14. Porosity as a function of the scan speed, inserted OM images show the 

polished surfaces at the scan speed of (a) 1000 mm/s, (b) 1500 mm/s, (c) 2000 mm/s, 

(d) 2500 mm/s and (e) 3000 mm/s (laser power 200 W, hatch spacing 75 μm). 
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Fig. 15. SEM images of the polished surfaces showing (a) the lack of fusion and (b) 

bridge-like structure and trapping un-melted powders due to the Plateau–Rayleigh 

instability at the scan speed of 3000mm/s (laser power 200W, hatch spacing 75μm). 

Low scan speed was also favorable to increase the porosity due to another type of 

pore, i.e. keyhole pore. When the combination of scan speed, laser power and laser 

beam size exceeds a critical value, the normal conduction mode is possible to transfer 

to the keyhole mode since the energy input density is high enough to induce evaporation 

and plasma, which effectively “drill” a deeper depth to form a cavity in melt pool. King 

et al. (2014) and Fabbro (2010) observed similar behavior in LPBF and welding process. 

According to Kasperovich et al. (2016), the keyhole pores were formed due to the gas 

entrapping and the collapse of these cavities with a more rounded shape, as shown in 

Fig. 14a. An example of the keyhole pore is shown in Fig. 16.  
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Fig. 16. OM images showing a keyhole pore at the scan speed of 1000 mm/s (laser 

power 200 W, hatch spacing 75 μm). 

3.2.3. Effect of laser power 

Fig. 17 shows a disproportionate decrease of the porosity with the increase of the 

laser power. The maximum porosity was 14.84% at the laser power of 150 W and 

decreased to 11.47% as the laser power increased to 200 W. The porosity dropped 

significantly below 1% with continuously increasing the laser power. Similarly, the 

energy input density accordingly decreases with decreasing the laser power, leading to 

the lack of fusion and further increasing the porosity. 
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Fig. 17. Porosity as a function of the laser power, insert OM images show the polished 

surfaces at the laser powers of (a) 150 W, (b) 200 W, (c) 250 W, (d) 300 W and (e) 350 

W (scan speed 2000 mm/s, hatch spacing 90 μm). 

3.2.4. Effect of volume energy density 

Volume energy density (VED) is widely used to justify the comprehensive effect 

of processing parameters on printing qualities in LPBF. According to the study of 

Kasperovich et al. (2016), the VED (is defined as:  

=
P

v h


 
                          (2) 

where P is the laser power, v is the scan speed, h is the hatch spacing and is the layer 

thickness. The porosity as a function of the VED is given in Fig. 18b, showing that the 

minimum porosity was obtained at the VED between ~ 55 J/mm3 and ~ 75 J/mm3. When 

the VED increased from ~ 25 J/mm3 to ~ 60 J/mm3, the porosity decreased from ~ 15% 

to ~ 0.02%, while when the VED increased further up, the porosity increased to ~ 3% 

and ~ 5% at the VED ~ 90 J/mm3 and ~ 110 J/mm3, respectively. 
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Fig. 18. Relationship between the VED and the printing quality of (a) the surface 

roughness, (b) the porosity and (c) the crack density by regression analysis, (d) 

predicted printing qualities as a function of the VED, (e) comparison between the 

predicted and experimental results, (d) ultimate tensile strength and elongation of the 

samples with different VEDs. 

To further observe and analyze the morphology of the pores, CT was performed 

on four samples with the different VEDs. The three-dimensional (3D) reconstruction 

images and the size distribution of pores are shown in Fig. 19 and Fig. 20, respectively. 
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As shown in the reconstruction images, at a low VED of 29.63 J/mm3, large and 

irregular pores occupied the whole measured domain, indicating the occurrence of 

insufficient overlap, the instability of melt pool and the lack of fusion. Some pores from 

different layers and tracks were observed to connect with each other, accordingly 

forming huge hollow spaces and frame-like structures, as shown in the reconstruction 

image at high magnification (Fig. 19e), which corresponded to a number of pores with 

large size in Fig. 20a. As the VED increased to 44.44 J/mm3, the porosity obviously 

decreased to ~ 1%. In this instance, a higher VED improves the printing quality 

drastically. That is to say, most large pores are eliminated due to the increase of the 

bonds between layers and tracks. With a continuous increase of the VED to 59.26 J/mm3, 

it allowed to fully melt the powders, leading to a nearly pore-free part manufactured, as 

shown in Fig. 19c and Fig. 20c. When the VED further increased to 88.89 J/mm3, round 

shape pores were observed scattering all over the measured domain in Fig. 19d and Fig. 

19f is the view at high magnification, corresponding to the keyhole pores. The size of 

the keyhole pores distributed concentratedly between 15 μm and 35 μm, as illustrated 

in Fig. 20d.  
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Fig. 19. 3D reconstruction of the pores at the VED of (a) 29.63 J/mm3, (b) 44.44 

J/mm3, (c) 59.26 J/mm3 and (d) 88.89 J/mm3, (e) high magnification of (a), (f) high 

magnification of (d). 
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Fig. 20. Size distribution of the pores at the VEDs of (a) 29.63 J/mm3, (b) 44.44 

J/mm3, (c) 59.26 J/mm3 and (d) 88.89 J/mm3. 

Fig. 21 shows the distribution of the sphericity of pores. The definition of sphericity 

is given by Kasperovich et al. (2016) as: 

1/2

3/2

6 V

A




 
                        (3) 

where V is the volume, and A is the surface area of the object. As  gets closer to 1, the 

shape of pore gets closer to a sphere and  1 for a sphere. On the contrary, as  gets 

smaller, the pore becomes more concave, elongated or irregular. From Fig. 21, when 

the VEDs were 29.63 J/mm3, 44.44 J/mm3 and 59.26 J/mm3, the sphericity mainly 

distributed between 0.5 and 0.7 and the corresponding frequencies were 74.11%, 81.17% 

and 73.53%, respectively. At a low VED of 29.63 J/mm3, the sphericity of a number of 

pores was lower than 0.4, implying the presence of irregular pores at such a low VED. 

When the VED reached 88.89 J/mm3, the sphericity of the most pores (96.99%) was 

larger than 0.7, indicating that the pores with a nearly round shape took the main portion 
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of the whole, which was consistent with the observation on metallograph and 3D CT 

images of the attendant keyhole pores.  

 

Fig. 21. Sphericity distribution of the pores at the VEDs of (a) 29.63 J/mm3, (b) 44.44 

J/mm3, (c) 59.26 J/mm3 and (d) 88.89 J/mm3. 

3.3. Crack 

In the LPBF process, residual stress is induced by a rapid heating and cooling 

process. It is known as the driving force of cracking, which arises from the high thermal 

gradient presented in the printed part (Kruth et al. (2004)). The crack in IN738LC 

processed by LPBF is known as solidification crack according to the study of Cloots et 

al. (2016). The IN738LC alloy has a large solidification temperature range, inducing 

the liquid containing highly concentrated solutes to remain in the inter-dendritic regions 

at the last stage of solidification due to the segregation behavior. The presence of 

resultant liquid film leads to the weakening of grain boundaries, where cracks will occur 

and propagate under the thermal stress. The crack density as a function of the processing 
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parameters is depicted in Fig. 22. 

 

Fig. 22. Crack density as a function of (a) the hatch spacing (laser power 250 W, scan 

speed 2000 mm/s), (b) the scan speed (laser power 200 W, hatch spacing 60 μm) and 

(c) the laser power (scan speed 2000 mm/s, hatch spacing 60 μm). 

3.3.1. Effect of hatch spacing 

It is apparent that the crack density was inversely related to the hatch spacing, as 

shown in Fig. 22a. When the laser power and the scan speed were fixed, Xia et al. (2016) 

suggested that the decrease of the hatch spacing led to an increase of the thermal 

gradient between tracks, which accordingly increased the residual stress. Moreover, the 

low hatch spacing is favorable to increase the working temperature in melt pool, where 

the solidification behavior is significantly relative to the temperature of melt. The 

estimated time for solidification was established by Gao and Sonin (1994) as: 
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2

=2( )ln( )
3

p t

f t

T Ta

T T







                       (4) 

where a is the radius of droplets, α is the thermal diffusivity, Tp is the peak temperature 

of the melting pool, Tf is the fusion temperature, and Tt is the ambient temperature. The 

relationship between  and Tp is depicted in Fig. 23 as a = 50 μm, α = 4.87 × 10-6 m2/s, 

Tt = 298 K and Tf = 1628 K for IN738LC, indicating by Quested (2013). It is evident 

that the time for solidification is prolonged by the increase of working temperature, 

implying that more liquid remains between dendrites within the same amount of time 

for solidification. Consequently, the risk of cracking indeed increases. Therefore, more 

cracks were observed in the sample at a lower hatch spacing. 

 

Fig. 23. Solidification time as a function of the working temperature. 

3.3.2. Effect of scan speed 

A subsequent decrease in the crack density with the increase of the scan speed is 

demonstrated in Fig. 22b. The crack density decreased from 2.59 mm/mm2 to 0.87 

mm/mm2 as the scan speed increased from 1500 mm/s to 2250 mm/s. Xia et al. (2017) 

suggested that a low scan speed could increase the working temperature of the melt 
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pool since the energy input density increased. A higher temperature results in a 

considerable amount of liquid at the last stage of solidification, which is unfavorable to 

the crack resistance. Besides, a high scan speed implies a reduction in the time interval 

between tracks, which increases the re-heating frequency on the previously fabricated 

tracks and slows the heat transfer from the present track to solidified material, inducing 

a reduction in the thermal gradient and the resultant residual stress. Therefore, 

increasing the scan speed can effectively reduce the cracking tendency. 

3.3.3. Effect of laser power 

From Fig. 22c, the crack density reached its maximum value, i.e. 4.35 mm/mm2 at 

the power of 250 W and successively decreased as the laser power decreased. As 

indicated by Li, Gu (2014) and Parimi et al. (2014), the increase of laser powder is 

favorable for a higher thermal gradient at a given hatch spacing and scan speed, 

therefore, the attendant residual stress tends to increase. Besides, the increase of laser 

power implies more energy penetration in the powder bed and enhances thermal 

accumulation. Consequently, a relatively high working temperature is obtained, which 

accordingly induces more remaining liquid between dendrites at the last stage of 

solidification. Thus, a relatively high crack density tends to occur at high laser power. 

3.4. Effect of VED on printing qualities 

The summary of the effect of the VED on the printing qualities is depicted in Fig. 

18. Fig. 18a and b show that the surface roughness and the porosity were quadratic to 

the VED, indicating both high and low VEDs could induce high surface roughness and 

porosity. The relationships can be depicted as Eq. (5) and (6), and the correlation 
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coefficients are R = 0.95 (R2 = 0.91) and 0.89 (R2 = 0.79), respectively. A linear 

relationship between the crack density and the VED shows that the crack density 

increased with increasing the VED, as illustrated in Fig. 18c. The corresponding fitting 

curve is Eq. (7) and R is 0.88 (R2 = 0.77). 

2Surface roughness  0.0049  0.81  44.15                             (5) 

2Porosity  0.0071 1.07 38.52                                      (6) 

Crack density  0.12 5.15                                          (7) 

In order to find the optimal VED for the fabrication of IN738LC components with 

high properties, the predicted results as a function of VED in terms of regression 

analysis are summarized in Fig. 18d. Surface roughness will not be mentioned alone 

in the latter part since it primarily affects the machinal performances through pores, 

thus the analysis of porosity has included the effect of surface roughness. According 

to the experimental results, the porosity reached the minimal value at the VED of ~ 55 

J/mm3 and kept at this level until the VED increased to ~ 90 J/mm3 and ~ 110 J/mm3 

and it rose up to 3.07% and 5.18% due to the keyhole and humping phenomena, 

respectively, where the crack density is predicted to continue increasing, as depicted 

in Fig. 18d. Therefore, the optimal properties should be obtained at the VED less than 

~ 55 J/mm3. Another group of parameters was chosen randomly with the VED less 

than ~ 55 J/mm3 to print metallographic observation and tensile testing samples, as 

listed in Table 6. Fig. 18e shows a comparison between the predicted and experimental 

results. It is apparent that the measured crack density fixed well with the predicted 

curve. The trend of the measured porosity was generally consistent with the predicted 
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results although there were slight deviations between them. However, a large number 

of pores in Sample 1 made it was difficult to measure the crack density. 

Sample 

Laser power 

(W) 

Scan speed  

(mm/s) 

Hatch spacing 

(μm) 

Volume energy 

density (J/mm3) 

1 200 3000 70 31.75 

2 175 1800 80 40.51 

3 225 1750 90 47.62 

4 230 2500 60 51.11 

5 250 2300 65 55.74 

Table 6 Processing parameters for the analysis of the relationship between the printing 

qualities and the mechanical properties. 

Fig. 18f shows the ultimate tensile strength (UTS) and the elongation of the testing 

samples with different VEDs. High porosity induced severe brittleness in Sample 1, and 

the UTS and the elongation were as low as 309.48 MPa and 3.21%, respectively. Both 

UTS and elongation of Sample 2 increased as the VED increased from 31.75 J/mm3 to 

40.51 J/mm3. Compared with Sample 2, the porosity decreased to 1.15% but the crack 

density increased to 0.65 mm/mm2 in Sample 3. In this case, the maximum UTS 

(1147.26 MPa) was attained and the elongation was also improved (10.95%). A further 

increase in VED induced the porosity to decrease but the crack density to increase, as 

indicated by Fig. 18e. The elongation of Sample 4 was 11.52%, slightly higher than that 

of Sample 3 and dropped to 7.36% at the VED of 55.74 J/mm3 (Sample 5). However, 

the UTS showed a continuous downward trend for Sample 4 (1026.98 MPa) and 
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Sample 5 (556.78 MPa), indicating that the mechanical properties were dominated by 

cracks within this VED range. 

Cracks and pores can significantly affect the performances of materials related to 

their amount, size and morphology, etc., which need to be carefully controlled 

depending on the service conditions. In the current experimental condition, the VED of 

~ 48 J/mm3 is optimal for IN738LC in the LPBF process. The laser power and the scan 

speed are considered to affect the printing qualities by a similar mechanism through the 

energy input. Under this VED, relatively high laser power (~ 300 W) and scan speed (~ 

3000 mm/s) are not recommended due to the balling effect related to the Marangoni 

flow and the Plateau–Rayleigh instability. Moreover, the humping phenomenon 

induced by low hatch spacing (~ 30 μm) needs to be avoided as well. 

4. Conclusion 

In this study, the influence of laser power, scan speed and hatch spacing on the 

printing qualities including surface roughness, porosity, and crack density of IN738LC 

during the LPBF process were investigated. Some key findings are summarized as 

follow: 

 Surface roughness, porosity and crack density were evidently influenced by the 

applied hatch spacing, scan speed and laser power in the LPBF process. 

 The processes related to the solidification and fluid dynamics process such as the 

Marangoni convection, the micro-humping, the Plateau–Rayleigh instability, etc., 

were identified and characterized as the key factors that could affect the surface 

quality. 
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 The formation of pores was primarily attributed to the lack of fusion and the 

keyhole due to the different energy input densities. 

 The crack density was distinctly affected by the residual stress and the working 

temperature in the melt pool, which changed significantly with the process 

parameters. 

 The correlation between the printing qualities and the VEDs was depicted with 

mathematical relationships using regression analysis. According to the results of 

tensile testing, the VED of ~ 48 J/mm3 was found to be optimal for building 

IN738LC components by LPBF. 
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