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ABSTRACT: Directed energy deposition (DED) is an additive manufacturing process where metal wire 
or powder is added onto an object or substrate through melting of the filler material. Unlike the selective 
laser melting (SLM) process, where powder is applied onto a bed before laser melting occurs, DED melts 
the powder midstream. The molten particles are deposited into the melt pool which rapidly cools due to 
the laser traversing away. To build a part, the laser will overlap different layers with same stepover and 
printing patterns. However due to the nature of the printing patterns the time taken to print is usually 
different which results in non-uniformity in formation of structures. This experiment investigates the 
effects of powder flow rate, feedback loop system, laser power, and print patterns on the geometry and 
densification of SS316L powder.

KEYWORDS: 3D Printing, Additive Manufacturing, Laser Metal Deposition, Directed Energy 
Deposition

INTRODUCTION

Additive manufacturing (AM) of metal components have boomed in recent years due to the technological 
advances in metal printing machines (Wohlers, 2017). The 2 main classes of AM on metal printing coined 
by ASTM are powder bed fusion (PBF) and directed energy deposition (DED) (ISO/ASTM, 2015). Other 
AM processes, such as binder jetting, can print metal parts but they do not take a direct approach of 
melting the metal powder and fusing it together in the printer. Instead they bond metal powder selectively 
with a binder and perform post sintering on the green part to achieve the final product (Ford, 2014).

DED uses a high-power energy source to melt metal powder or wire feedstock and deposit the molten 
metal onto a substrate layer by layer to form a 3-dimensional part (Chua, Wong, & Yeong, 2017). Like 
its counterpart selective laser melting (SLM), both processes utilize metal powders and a high energy 
source (Chua et al., 2017). SLM differs by depositing the powder onto a bed and each layer is scanned
progressively, followed by another layer of deposition and scanning.

The processing parameters can greatly affect the microstructure, grain growth and therefore affect the 
mechanical properties of DED parts. Parameters such as powder flow, laser power, laser traverse speed 
or scanning speed, print pattern, and even stepover affect the growth of grains and microstructure (Wang, 
Palmer, & Beese, 2016). As each layer is added, the changes in the heat flow direction and heat storage 
create anisotropic grains that grow in the direction of greatest heat flux out of the control volume. Faults 
like poor lack of fusion and gas entrapment result in pores formation that is detrimental to the mechanical 
properties of the parts (Ng, Jarfors, Bi, & Zheng, 2009). Furthermore, parts produced by DED are 
generally more brittle compared to traditionally cast metal parts due to the rapid cooling of melt pool. A
study on the powder flow rate and traverse speed of the laser has shown that lower powder flow produced 
samples that formed continuous vertical layers of grains due to the re-melting of the previous layers 
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(Pinkerton & Li, 2004). They further studied on the effects of micro-hardness and found out that the 
Vickers hardness varies due to traverse speed and powder flow rate. Generally, the hardness increases 
with traverse speed but decreases if the powder flow rate is high. Higher traverse speed results in faster 
cooling rates, which in turn generate the growth of smaller grains in the metal alloy. 
 
Another research work focuses on thin wall parts and the effect of overlapping layers (Zhang, Wang, Liu, 
& Shang, 2014). From the experiment, they concluded factors that influence clad height are laser power, 
laser traverse speed and powder flow rate, with the highest effect coming from laser traverse speed. The 
experiment also reported an optimum laser power beyond which the overall clad height decreases. It could 
be attributed to a larger and higher temperature melt pool resulting in lower viscosity of the molten metal 
and a larger spread of the melt. Likewise, the width of the clad maintains constant regardless of the laser 
speed and decreases with faster laser traverse speed. Similarly, an increase in the powder flow rate also 
increases the clad width, but not as drastically compared to the previous. The significance of traverse 
speed is the highest, followed by the powder flow rate and then the laser power. When the traverse speed 
is slower, more powder is deposited into the same area. Likewise, with a faster traverse speed, less powder 
is deposited. This shows that traverse speed will affect the overall mass of the part in the control volume.  
 
However, most studies were focused on producing thin wall parts, single-track lines, and specimens for 
testing. Non-destructive testing of actual parts are harder due to dissimilar geometry, like thick walls, 
cylinders, etc. (Q. Y. Lu & Wong, 2017). The present work on DED focuses on characterization of 
stainless steel parts to understand the different effects of parameters that inevitably affect the final 
mechanical properties of the alloy.  

MATERIAL AND EXPERIMENTAL PROCEDURE 

Machine specifications 

The machine used in this experiment is the DMG Lasertec 65 3D. It is a 5-axis CNC and laser additive 
hybrid manufacturing system that allows the additive manufacturing of complex parts to be machined to 
achieve desirable surface finish. The machine consists of a laser unit, a CNC unit and a powder delivery 
system required for production of additive manufactured parts. 

 
The laser unit consists of the diode pumped laser, fibre coupling unit and the fibre. The power of the laser 
is 2.5 kW and the wavelength ranges from 900 nm to 1080 nm. The optic fibre links the laser from the 
diode box to the laser head through a carrier tube. The laser head consists of the optics and a CCD camera 
that monitors the temperature of the melt pool for a closed loop feedback system known as the adaptive 
process control (APC). It reads the current melt pool temperature and size, and sends the information 
back to the laser controller to adjust the power (Q. Y. Lu & Wong, 2018). Additionally, mounted to the 
laser head is the nozzle and powder tube carrier that transports powder from the powder delivery unit to 
the nozzle. 
 
The 5-axis CNC unit and powder delivery system is produced in-house by DMG Mori GmBH. It has 3 
linear axes (with accuracy up to 8 m) that control the laser traverse direction. The other 2 rotation axes, 
A and C, control the rotation of the worktable. The A axis has a max rotation of -120 and +120 degrees, 
while the C axis enables the table to turn fully either clockwise or anti-clock wise. The machine is 
configured with 2 hoppers Each hopper consists of a stirrer and rotating disc The stirrer ensures that the 
powder does not conglomerate while the rotating disc sends the powder through a tube into the nozzle. 
By adjusting the rotation of the disc, the powder flow rate changes as accordingly.  
 
To achieve a good deposition process, the nozzle will first spray the powder out to form a stable powder 
funnel. During the process of printing, the laser will switch between on and off states, and the powder 
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funnel will not be interrupted. When the print is completed, the laser will switch off following by the 
powder delivery system.  

Material 

The powder material used for this work is stainless steel 316L (SS316L) with powder size of 45  105 
m. The substrate used for the experiment is also SS316L to ensure proper bonding of the alloy during 

the printing process. The dimensions of the substrate are 250 × 250 × 20 mm. The chemical composition 
of the powder and substrate are listed in table 1.  
 
Table 1: Chemical composition of powder and substrate (w.t.%) 

Material Chemical Composition (w.t. %) 
 C Mn P S Si Cr Ni Mo Fe 
SS316L 0.03 2 0.045 0.03 1 16-18 10-14 2-3 Bal. 
          

Experimental parameters and procedure 

The DMG Mori Lasertec 65 3D uses a laser spot size of 3 mm at a powder focus distance of 11 mm.  The 
APC of the DMG Mori Lasertec 65 3D is a closed loop feedback system where it looks at the melt pool 
size and temperature, and adjust the laser power accordingly to maintain a desirable melt pool size. This 
experiment investigates the printing patterns, powder flow rate, laser power, and effect of the APC. 
 
The parameters in DED affect the quality of the printed part. By adjusting the parameters, it alters the 
shape and size of the melt pool, which in turn affects the overall clad shape and mechanical properties. 
Higher traverse laser speed also results in faster cooling rate which indirectly affects the growth of grains 
within the melt pool. As exploring the full range of parameters would have taken a long amount of time, 
the default settings in the control program Siemens NX 11.01 is used as a baseline to determine the 
parameters in table 2.  
 
A total of two experiments were conducted in this work. Both experiments print cuboids of 20 mm × 20 
mm × 25 mm in length, width and height respectively. A total of 30 cuboids are printed, 6 for the first 
experiment and 24 for the second experiment.  
 
The first experiment investigates the powder flow rate needed to achieve the required height of the cuboid. 
In the first experiment, the standard processing parameters used are shown in table 2. The powder flow 
rate will be varied in order to see how it affect the ability to build cuboid of 25 mm height.   
 
Table 2: Experiment 1 parameters 

Processing Parameter Fixed Variables 
 Laser power 2000 W  
 Laser spot size 3 mm  
 Traverse speed of laser unit 1000 mm/min  
 Layer thickness 1 mm  
 Shield gas Argon  
 Flow rate of shield gas 6l/min  
 Flow rate of powder  11  15 g/min 
 Powder focus (distance from nozzle to substrate) 11 mm  
 Adaptive process control (APC) On  
 Scanning pattern Zig-Zag  
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The second experiment studies the geometry of the cuboid with varying printing patterns, APC, and laser 
power. The processing parameters for the second experiment are listed in table 3. A total of 24 cuboids 
are printed to determine the effect of scanning pattern, laser power for SS316L, and the effect of the APC.  
 
Table 3: Experiment 2 parameters 

Processing Parameter Fixed Variables 
 Laser power  750 W  2000 W 
 Laser spot size 3 mm  
 Traverse speed of laser unit 1000 mm/min  
 Layer thickness 1 mm  
 Shield gas Argon  
 Flow rate of shield gas 6l/min  
 Flow rate of powder  11  15 g/min 
 Powder focus (distance from nozzle to substrate) 11 mm  
 Adaptive process control (APC)  On / Off 
 Scanning pattern  Zig-Zag / Spiral 
    

RESULTS AND DISCUSSION 

To measure the powder flow rate, a weighing scale is used to measure the flow over a minute. The flow 
rate is an average of 5 measurements taken, as shown in figure 1 The first experiment uses the APC to 
control the laser power to ensure that the printed cuboids do not overheat and swell. It is observed from 
the APC that using a zig-zag pattern, the laser power fluctuates between 800 and 1200 W. A total of 6 
cuboids are printed, and labeled as 1A, 1B, 1C, 1D, 1E and 1F. 
 
As predicted, higher powder flow rate will result in a taller cuboid as shown in figure 1. However, there 
is an error with cuboid 1B in height measurement. It could have been accounted to an error during 
measurement that was not picked up though the flow rate remains the same. For the sake of accuracy, the 
data will be ignored for future comparison. The desirable powder flow rate is about 14g/min to achieve 
25mm in height. 
 

 
Figure 1: Effects of powder flow rate on print height 

 
In the second experiment, a total of 24 cuboids were printed to test the effects of the laser power, APC 
state, and printing pattern. Cuboids 2A to 2F were printed in a zig-zag pattern at varying laser powers and 
APC disabled. Cuboids 3A to 3F were printed with a spiral pattern at varying laser powers with APC 
disabled. This is to compare the effects of laser power and print pattern. The rest of the parameters are as 

Po
w

de
r f

lo
w

 ra
te

 (g
/m

in
)

C
ub

oi
d 

he
ig

ht
 (m

m
)

Cuboids

Effect  of  powder f low rate  on cuboid height

Height

Powder flow rate

Proc. Of the 3rd Intl. Conf. on Progress in Additive Manufacturing

271



shown in table 4. Effects of APC and printing patterns are more significant in controlling the geometry 
compared to the laser power.  
 
Table 4: List of cuboids in experiment 2 

Cuboid Density (g/cm³) Height (mm) Printing Pattern Power (W) APC State 
2A 7.656 24.84 Zig-Zag 750 Off 
2B 7.667 24.65 Zig-Zag 1000 Off 
2C 7.668 24.59 Zig-Zag 1250 Off 
2D 7.667 24.5 Zig-Zag 1500 Off 
2E 7.668 24.7 Zig-Zag 1750 Off 
2F 7.664  Zig-Zag 2000 Off 
3A 7.664 28.44 Spiral 750 Off 
3B 7.668 28.42 Spiral 1000 Off 
3C 7.67 29.92 Spiral 1250 Off 
3D 7.668 28.97 Spiral 1500 Off 
3E 7.668 29.08 Spiral 1750 Off 
3F 7.674 28.2 Spiral 2000 Off 
4A 7.654 28.09 Spiral 750 On 
4B 7.668 27.36 Spiral 1000 On 
4C 7.667 27.28 Spiral 1250 On 
4D 7.667 20.22 Spiral 1500 On 
4E 7.67 27.57 Spiral 1750 On 
4F 7.654 27.57 Spiral 2000 On 
5A 7.671 23.99 Zig-Zag 750 On 
5B 7.671 23.78 Zig-Zag 1000 On 
5C 7.668 23.77 Zig-Zag 1250 On 
5D 7.669  Zig-Zag 1500 On 
5E 7.67 23.6 Zig-Zag 1750 On 
5F 7.67 23.68 Zig-Zag 2000 On 

 
Cuboids 2F and 5D listed in table 4 were improperly removed from the substrate, therefore their height 
data are not accurate and will be excluded from figure 2. Cuboid 4D stopped printing at 20.22 mm due to 
lack of argon gas resulting in a shorter height and hence the data will be removed from figure 2 as well. 
Overall, printing with the APC or otherwise has negligible effect on the density that averages at 7669 
kg/m³. Laser power variations in the experiment do not seem to have any significant effect too. However, 
delamination from the base plate is observed for cuboids printed at 750 W regardless of the printing 
pattern.   

 

 
Figure 2: Comparison of print patterns and APC states on cuboid heights 
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The results in figure 2 show that spiral printing pattern prints a higher cuboid height as compared to zig-
zag pattern. Spiral pattern generates a longer tool path for the same cuboid and requires more time to 
print. Cuboids printed with APC disabled is higher when compared to cuboids printed with APC enabled, 
as shown in figure 2. The overall effect of APC on height is not as significant. However, parts printed 
with APC enabled has a flatter top as compared to parts printed without, as APC reduces swelling effects. 
Laser power has the least significant effect in this experiment.   

CONCLUSION 

Based on the results from the experiments conducted with SS316L, parameters such as APC, laser power, 
powder flow rate and printing patterns are evaluated. The parameters affect the overall geometry of the 
printed part height, with powder flow rate contributing most to the relative part height. Printing patterns 
contribute significantly to printed part height due to the longer duration required to print for the spiral 
pattern as compared to the zig-zag pattern. More studies will be required to understand how do the printing 
patterns affect parts of larger length, width and height.   
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