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ABSTRACT: Quality assurance is a key factor for industry adoption of additive manufacturing 
(AM) technologies. The implementation of in-situ process controls for AM processes is crucial for 
achieving consistent quality AM components. This paper explores the control measures required to 
attain Laser Metal Deposition (LMD) process consistency. LMD was used to form three sets of 
Stainless Steel AISI 316L block specimens using three different build strategies. Using an in-situ 
system, the melt pool characteristics were monitored and controlled by the machine. Analysis of the 
differences in the process control results for each build strategy was conducted.  

KEYWORDS: Additive Manufacturing, Laser Metal Deposition, Directed Energy Deposition, 
Build Strategy, Stainless Steel 316L 

1. INTRODUCTION

LMD is a variant of 3D Additive Manufacturing (3DAM) technology that has numerous industry 
sectors like the aerospace [1], marine and offshore, and the automotive industry [2]. The applications 
of LMD cover areas like coatings, remanufacturing, and 3D build up applications [3, 4]. The LMD 
process is typically described to be a combination of lasers, Computer Aided Design (CAD), 
Computer Aided Manufacturing (CAM), powder metallurgy, and sensors. A Computer Numerical 
Control (CNC) system controls the deposition path in accordance to a CAD/CAM model input to 
build the LMD component layer by layer.  

The LMD process is a highly complex process due to the numerous interactions between the various 
input parameters like the laser beam power, powder flow rate, and scanning strategies. Attempts 
have been made to optimize the LMD process parameters and to identify suitable process windows 
for different applications [5, 6]. Studies have been done to integrate different in-situ control 
measures for surface temperature, particle velocity, melt pool temperatures, etc. In-process 
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monitoring was done using photodiodes and pyrometers, melt pool height triangulations, and 
thermal imaging [7-15]. Various types of controllers like laser power controls, tool path controls, 
proportional-integral-derivation (PID) controls, fuzzy logic controls, motion controls, and powder 
flow rate controls have been reported [13, 16, 17]. Despite the attempts to identify optimized process 
windows and in-situ controls, much of the literature remains within the confines of small-scale 
3DAM structures and extending the parameters to complex and larger geometries introduces further 
difficulties and uncertainties in the process quality. Process consistency in terms of melt pool 
temperature and size has been shown to be crucial to attaining consistent microstructural properties 
like grain sizes, which in turn affects the consistency of mechanical properties within an AM build 
[18].  
 
The objective of this study is to investigate the build strategy effect on laser metal deposited stainless 
steel’s process characteristics. LMD was used to form Stainless Steel AISI 316L steel block 
specimens on a Mild Steel S235JR substrate using three different build strategies. Process data like 
melt pool size, temperature, and laser power regulation in response to an in-situ control 
implementation were recorded and analyzed alongside the build strategy implementation by 
constructing a 3D MatLab plot for each characteristic. Melt pool heat map models were also 
constructed in ImageJ using the process data for heat mapping analysis. The LMD specimens’ 
dimensions were measured by laser Coordinate Measuring Machine (CMM).  

2. METHODOLOGY 

Stainless Steel 316L powder material with a 45 μm – 105 μm particle size range was used as 
feedstock material. DMG MORI’s LaserTec65 3D was used to fabricate the LMD samples with a 
diode laser as a laser source, and argon gas as the shielding gas. The LaserTec 65 3D has an 
integrated in-situ control system, known as the Adaptive Process Control (APC), to monitor the 
build process in real time. The process monitoring system uses a charge-coupled device (CCD) 
camera to monitor the melt pool during the build process. A schematic of the LMD system used in 
this study is shown in Figure 1.   
 

 
Figure 1: Schematic of LMD system 

 
The melt pool characteristics, like size and temperature, were measured in-situ and fed to the process 
monitoring system to adjust the laser power according to user-defined in-situ control parameters. 
The build parameters and in-situ control parameters are specified in Table 1. 
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The empirical melt pool temperature and size process data plots exhibited a high degree of melt pool 
consistency throughout the process, and little difference when comparing between build strategies, 
as seen in the melt pool temperature and size process plots in Figure 4 (a – f). In order to attain 
process consistency, the laser power was regulated differently between build strategies, as seen in 
Figure 4 (g – i).  
 
The temperature of the substrate prior to the LMD process is cooler and hence requires a higher laser 
power regulation to compensate for this initial condition for the first deposition layer. For the 
subsequent deposition layers, the method in which the raster scan is implemented for the LMD 
process is such that each new deposition layer starts diagonally across from the previous layer’s 
initiation coordinates. At the beginning of each new deposition layer, the LMD build would have 
cooled down significantly. Hence, it is necessary for the laser power to be regulated to a higher value 
to compensate for this cooling effect.  As the layer is deposited, the component raises in temperature 
and a lower laser power is required to maintain the melt pool temperature and size within the user-
defined boundaries, and hence the laser power is regulated to a lower value. This effect occurs 
cyclically as the LMD block is built layer by layer.  
 

4. CONCLUSION 

LMD was used to fabricate Stainless Steel AISI 316L specimens using three different build 
strategies, bidirectional, long unidirectional, and short unidirectional raster scans. In-process control 
measures were implemented using the process monitoring system. Process data was captured and 
analyzed for each build strategy type.  
 
In order to achieve melt pool size and temperature process consistency for different build strategies, 
the laser power regulation has to be dynamically controlled based on in-situ measurements. This is 
due to the differences in the state of each deposition layer has cooled with respect to the raster scan 
implementation when moving from one layer to the next. Different build strategies cause different 
temperature readings at the beginning of each new deposition layer, hence affecting the manner in 
which the power regulation has to be applied.  
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