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Highlights 

 Process planning for LDED-PF with overhang features is computationally extensive and it 

requires extensive pre-process considerations  

 Full 5-axis method to fabricated LDED-PF parts is complicated due to collision happening 

between the deposition head and previously built layers  

 3+2 techniques show surface irregularities during the fabrication of LDED-PF parts in the 

transition regions  

 In this research, we presented a novel approach to fabricate a hemisphere dome with variable 

overhang features in two directions using full 5-axis technique continuously with enhanced 

surface finish comparing to 3+2 technique  
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Abstract 

In the present work, a novel Laser Directed Energy Deposition (LDED) process planning 

methodology is proposed to build a dome structure with variable overhang angles. Overhang 

structures with different overhang angles were built where the maximum angle of 35° can be 

used to build overhang structures without the process and structure compromise. The thin-wall 

hemispherical dome built using the developed methodology shows the maximum deviation of 

2% with respect to the diameter of the original CAD model data. The study paves a way for 

building high-value, lightweight thin-walled structures with complex cylindrical-based shape 

(e.g., storage tanks, nozzles, combustion chambers) for engineering applications.  

Keywords: Laser Directed Energy Deposition; Process Planning; Tool path generation; 

Overhang geometry; Additive manufacturing. 

1. Introduction 

Metal Additive Manufacturing (MAM), a disruptive technology, is revolutionizing industrial 

manufacturing through a unique combination of shape and material design freedom [1–3]. MAM 

enable the fabrication of lightweight and complex shaped structures, which requires process-
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specific planning and strategy development. Laser Directed Energy Deposition (LDED), a class 

of MAM processes, possesses the ability to build the components with free-from geometry by 

injecting feedstock material directly into the melt-pool created on the surface of substrate/ 

previously built layer using a laser source. LDED systems often use three-axis or five-axis 

configuration to build intricate components. However, increasing focus on the deployment of  

five-axis configuration is seen recently due to improved freedom to build complex shaped 

components with overhang feature[4–6]. The five-axis configuration allows the nozzle to remain 

tangent to the surface, which elimiates the need for support structures to build features having a 

larger overhang angle (α) [7]. However, this configuration increases the process complexity and 

probability of collision between the nozzle and substrate/ previously deposited layers. It is not 

advisable to have collisions that can damage the LDED nozzles as they are costly and collision 

sensitive. In addition, focusing on the overhang features is a critical matter for the LDED and 

extrusion processes. The evaluation of the maximum overhang angle (αmax) is critical and once 

the α exceeds the maximum limit, the structure collapses due to a lack of force balance between 

gravitational forces, surface tension, and capillary forces[8].  

Researchers have investigated the fabrication of thin-wall structures with overhang features such 

as dome structures, which is challenging primarily due to the continuously changing α in two 

directions and chances of collision between the nozzle and previously built layers[9]. Kalami et 

al.[10] encountered nozzle collision issues while building a dome structure and used the 

geometrical partitioning method for successful fabrication [10]. However, the transition region 

between the partitions shows large surface irregularities, which increases the roughness values 

significantly in these regions [11]. A combination of multi-directional segmentation and single-

directional slicing was carried out by Xiangping et al. for building overhang structures [12]. 
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Prahar et.al developed a novel slicing algorithm to tilt and rotate the build platform to avoid 

support structure using a robotics FDM setup[13].   

Thus, the process methodology for building overhang structures using LDED is limited to 

geometrical partitioning or segmentation. The literature indicates that there are limited published 

works available on the development of tool paths for building overhang components such as 

dome structures in a single step. The present work proposes a novel approach based on 

identification of maximum allowable overhang angle and collision detection interactively to 

directly build the dome structures in a single step, which can pave way for building complex and 

lightweight components using LDED. 

2. Experimental Details 

 

(a) 
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(b) 

Figure 1: Schematic of the (a) LDED system (b) rotational axes of robot and the positioner 

 

SS 316L powder of size 15 - 45 µm and spherical morphology (D10 = 19.66 µm, D50 = 29.54 

µm, D90 = 44.08 µm), made by Carpenter Additive through gas atomization, was used as the 

feedstock material. An in-house developed 1 kW fiber laser-based robotic LDED system 

equipped with a dual hopper powder feeder and the co-axial nozzle was used for experiments as 

shown in Figure 1(a). A 6-axis Fanuc M-20iA robotic arm with 2-axis servo positioner H875 and 

a maximum payload of 500 kg was used for the deposition. The robot and the servo positioner 

are controlled by the R30iB controller. The robot and positioner rotation axis are shown in 

Figure 1(b). PROERA 3D CAD/CAM software was used for the tool-path planning. Argon gas 

at a flow rate of 10 lpm and 15 lpm were used as the carrier and shielding gas, respectively.  
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Initially, single-track experiments are carried out by varying laser powder, powder feed rate and 

scanning speed to identify process parameters for building thin-wall structures. The process 

parameter combination that yielded continuous deposition with requisite width (1.5 – 2 mm as 

per the wall thickness of cone and dome) and minimal dimensional deviation is selected for 

subsequent experiments. The process parameters selected for the study is shown in Table 1. 

Table 1: Process parameters used for the study 

Process parameter Value 

Laser power 640 W 

Powder feed rate 5 g/min 

Scanning speed  8 mm/sec 

Laser spot diameter 1.2 mm 

 

 Initially, a set of experiments were conducted to find the αmax by building cones having base 

diameter and height of 20 mm and α varying from 0° - 40°with an interval of 5°. Further, the 

dome of radius 50 mm and thickness 2 mm was built using the developed methodology. The 

cross-section view of the dome CAD model is shown in Figure 2(a).  LDED built dome was 

further scanned using a structured light optical scanner (Make: Hexagon, Model: AICON 

SmartScan). Figure 2 (b) presents the setup used for scanning the part using an optical scanner. 

The S-350 mm lens with a field of view of 260 × 205 mm was used for the scanning. The 

accuracy of the scanner is ±15 µm and the obtained point cloud of the dome includes ~ 1.2 

million points. OptoCat 2018R3 software was used for data acquisition and triangulation 

accuracy of 0.005 mm was used to convert the point cloud to STL file. Subsequently, CAD 

model and the scanned model are imported in PolyWorks|Inspector™. Automatic alignment is 
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performed to align the two geometries together and to overlay the CAD model of the component 

with the scanned data. A CAD to the part comparison of the dome was carried out to identify the 

deviation from intended dimensions. In addition, the dome and cone structures are sectioned, 

mounted, polished using standard metallography procedure. The mirror-finished sample surface 

is observed using a digital microscope (Make: Keyence; Model: VK-X250) to check the 

presence of defects. 

 

(a) 

 

(b) 

Figure 2: LDED built dome (a) Schematic (b) scanning using a structural light scanner 

 

3. Developed Methodology for Dome Structures 
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LDED can take advantage of 5-axis techniques such as lean (tilt) and lead angles to avoid 

collision between the nozzle and the 3D printed parts. It must be considered that the lead angle 

must not exceed the αmax [10] as large values of α may result in lack of support for melt pool 

leading to melt pool collapse (see section 4). Lean (Tilt) angle is the orientation of the nozzle 

axis measured in the plane perpendicular to the deposition direction as shown in Figure 3(a)[14], 

where D is the deposition (travel) direction, N is the substrate normal vector, and B is the Cross 

product of D and N. Lead angle is defined as the orientation of the nozzle axis measured in the 

plane parallel to the deposition (travel) direction as shown in Figure 3(b)[15] and it is measured 

from the perpendicular to the direction of deposition (travel). When the nozzle axis tilts in the B-

N plane or to the side of the deposition (travel) direction, the angle is called lean (tilt) angle, and 

when the nozzle axis tilts in the D-N plane or forward and backward in the relation to the 

deposition (travel) direction, it is called lead angle. 

To manufacture a dome in a single step using LDED, in this work, the tilt angle is used to avoid 

the collision between the nozzle and previously built material while keeping in mind that the tilt 

angle cannot exceed αmax [4]. In Figure 3(c),  ⃗  is the deposition direction and   
⃗⃗ ⃗⃗     is the 

surface normal direction to the surface at the point P. The relationship between the  ⃗  and    
⃗⃗ ⃗⃗     

is   
⃗⃗ ⃗⃗      ⃗    to ensure that the deposition can be supported fully by the previously built 

layers. However, due to partial support from previous layers, the deposition range can be 

extended as shown in Equation 1. 

           
⃗⃗ ⃗⃗          (1) 
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where,      , a function of  
     

  
 , is the maximum allowable overhang angle along the 

deposition direction of  ⃗ ,       is the maximum offset value that a new layer can overhang 

from the previous layer without melt pool collapse, and    is the layer thickness.  

Figures 3 (d) and 3 (e) presents the schematic indicating the variation in α in the dome and 

flowchart of the developed methodology, respectively. Initially, the geometry is prepared, which 

includes the creation of a surface model. Subsequently, the αmax is given as the input and the 

starting tilt angle is 0° in the beginning. The input track width and height are used to generate the 

stock model of the deposited material and the collision of the stock model versus the nozzle head 

is performed within the interface of PROERA 3D. If the collision is not detected, the toolpath 

will be generated in the robot native language. If the collision is detected (refer to Figure 3(f)), 

the tilt angle will be increased, and the toolpath will be re-generated. This continues until the 

methodology converges to the tilt angle that avoids the collision.  

  

(a) (b) 
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(c) (d) 

 

 
(e) (f)  

Figure 3: Dome structure using LDED (a) lead angle schematic (b) lean angle schematic (c) (d) 

Varying α for a typical dome (e) algorithm (f) collision issue 

4. Results and Discussion 

Figure 4(a) and Figure 4(b) presents the schematic of the overhang structures and photographic 

view of built cones, respectively. The overhang cone geometry was built by laying overlapped 

tracks one over the other, while the nozzle orientation remains normal to the substrate. As 

discussed in the previous section, the primary data for developing the methodology is the αmax. It 

was observed the αmax of 35° can be used to build cone structures of height 20 mm without the 
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material collapse as the melt pool becomes asymmetrical and collapses when the α exceeds 35º. 

This can be mainly due to the imbalance between the gravitational forces, viscous forces, and 

surface tension. The 35º will result in an offset value of 0.4 mm as per Equation (2) based on the 

nominal track height and a track width of 0.5 mm and 1.5 mm, respectively (obtained from 

process parameter setting).  

        
  

  
 

(2) 

Figure 4(c) presents the cross-sectional images of cones built with 5-degree, 20 degree, and 35 

degree overhang angle. It is observed that the built structures are crack-free and micro-pores are 

mainly seen along the cross-section. The micro-pores are primarily spherical, with the presence 

of a few irregular pores. The spherical and irregular pores are mainly due to gas-porosity and 

lack-of-fusion porosity, respectively. Gas porosity is generated primarily due to gas entrapment 

inside the melt-pool during solidification. It can also be due to the presence of porosity inside the 

powder particles, which are generated during powder manufacturing. These pores get transferred 

to the built part during the fabrication. On the other hand, a lack of fusion porosity is generated 

due to the insufficient bonding at isolated locations due to insufficient heat input and/or 

unexpected disturbances during LDED. An increase in the number of lack of fusion pores are 

seen with increase in overhang angle, which is primarily due to increase in the melt-pool 

instability at higher overhang angles [16-17] 
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(b) 
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(c) 

Figure 4: LDED of overhang structures (a) Schematic (b) photographic view (c) cross-

sectional images 

 

Further, the deposition is simulated (refer to Figure 5 (a)) and carried out as per the required 

machine configuration (refer to Figure 5(b)). The algorithm verifies that a tilt angle of 32.5º will 

be suitable to build the dome using the rotary setup. Further, the angle is transferred from the tilt 

angle to the tilt angle of the rotary table. The orientation of the nozzle is perpendicular to the 

previously built layer up to 57.5º and the tilting start at this point. The α varies from 0 to 32.5º 

from the bottom layers to the top of the dome as shown in Figure 5(c).   ,    , and    shows the 

angle between the normal to the previous layer direction and the nozzle at different curvature 

angles in the dome at different positions. For the initial layers,    is 90º  indicating that the 

nozzle is normal to the previously built layer, while at the top layers    is 57.5º and the 

corresponding α at the top of the dome is equal to    (Maximum tilt angle), which is equal to 
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32.5º. Figure 5(d) presents the photographic view of the built dome structure and it can be seen 

that deposition is uniform with reduced surface irregularities as opposed to ones built with 

partitioning [10]. A comparison with the CAD model (refer to Figure 6(b)) shows the uniform 

surface quality and good agreement with the intended dimensions. The deviation is lower than 

0.5 mm at the lower to middle layers and the maximum deviation of ~ 1.5 - 2 mm (about 2% of 

the dome diameter) is observed at the top layers primarily due to the higher degree of overhang.  

Figure 6 (a) shows the typical overlay of the CAD model cross section and the scanned data 

cross section. It is observed that the maximum deviation is at the top of the dome printed with 

maximum overhang angles of 32.5 degrees.  

  

(a) (b) 
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(c) (d) 

Figure 5: LDED of dome structures (a) simulation (b) deposition process (c) schematic of varying 

overhang and tilt angle (d) final part 

 

 

 

 

 

 
All dimensions are in mm 

CAD Model 

 

Scan Model 
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(a) 

 
(b) 

Figure 6: CAD to part comparison of (a) typical cross-section (b) full dome structure 

 

Figure 7(a) presents the microscopic images obtained from different locations of the built dome 

structure. It is observed from Figure 7(a) that the deposition is defect-free without cracks and 

macro scale porosity. However, a deeper investigation of the structures shows that micro-

porosity is seen at different locations as shown in Figure 7 (b). The micro-pores are mainly gas 

porosities, with the presence of a few lack of fusion pores at isolated locations.  
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(a) 
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(b) 

Figure 7: Cross-sectional images of the dome at different locations (a) lower magnification (b) 

higher magnification 

5. Conclusions 

The present work proposes a novel methodology to manufacture the parts with variable 

overhanging angle. The methodology aids to avoid collision between the nozzle and the 

previously built layers while providing a proper melt pool stability, which allows the fabrication 

of the dome in a single step. Further, the methodology is verified by manufacturing the part and 

CAD to part comparison shows the maximum deviation of 2% with respect to the diameter of the 

original CAD model data. The proposed methodology avoids partitioning of the component and 

the deployment of computationally expensive algorithms to manufacture overhang dome 

structures using LDED. The study will be further extended to the evaluation of different particle 

size distribution, and materials on the overhang geometries. In addition, the evaluation of 

structural integrity and the evolution of the microstructure of the fabricated dome component 

will also be carried out in the future works. The study will also be extended by deploying 
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adaptive trajectory planning to improve the dimensional accuracy of the dome. The study will 

pave a way for fabricating thin-walled storage tanks for various engineering applications.  
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