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An integrated approach for additive manufacturing process 
planning: Selective Laser Melting 

 
By 

 
Erick Ramírez-Cedillo 

 

Abstract 
 
In many industrial applications, Laser Powder Bed Fusion Technology (LPBF) commercially 
well-known Selective laser melting (SLM) has been recognized for its flexibility in Net Shape 
Manufacturing. Where a feedstock is deposited and selectively fused with a thermal joining via 
laser power. In this work, an overview and integrated approach for the additive manufacturing 
process planning is presented. The unit process life cycle inventory (UPLCI) was used to 
discretize energy consumption and material losses for modeling the SLM process. A reusable 
perspective in terms of materials, parameters, and calculation tools to estimate the energy 
consumption and mass loss in practical evaluations of production lines is presented. Calculations 
of energy were obtained and classified as basic, idle, and active energy. Theoretical equations 
were also shown to relate the most important parameters of the process with its energy 
consumption. On the other hand, the optimization and characterization of parts for the 
processing parameters calibration in LPBF has been recently well studied in academia, but still 
under research in the industry, due to the early adoption of this technology in different 
companies and research centers. For this reason, a process planning workflow for the obtention 
of calibrated ranges of parameters for AISI 316L samples, and to understand the relationship 
between the improved parameters, the surface quality and part integrity with the 
microstructural characteristics. Two principal methods of characterization, (1) Nanoindentation 
and Electron backscatter diffraction (EBSD) and (2) non-contact profilometry by Focus Variation, 
were used to validate the influence of the overlap of the point distance (PD) and hatch distance 
(HD) in the fabrication process. In this study, hardness and the modulus of elasticity exhibited 
the highest values of 4.59 GPa and 229.7 GPa respectively in the parallel orientation to the build 
direction. The obtained hardness and modulus of elasticity were correlated with the different 
grain sizes and the resulting crystallographic orientation product of the thermal history of the 
process. Roughness (Ra) was improved with the selection of parameters and presented the lowest 
value of 5.433 µm. Finally, the microstructure was studied on the samples as the final 
assessment on the improved parameters where finer cellular/dendritic structures were found. At 
the end, a series of case studies were presented at the end to validate the use of these two-process 
planning methodology in the medical device applications. 
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Figure 1.1 Metal Additive Manufacturing overview 

 

Hypothesis 
 
It is acknowledged the strong influence of process parameters in the quality of parts produced by 
Selective Laser Melting, SLM, and it is also well known that the heterogeneity of machines, laser, 
hardware and software architectures is a challenge toward the industrial implementation of the 
process. 

It is hypothesized that the standardization of data, information and knowledge related 
with all the process input and output variables will improve the process planning of this additive 
manufacturing process, having multiple planning layers, from energy management with modeling 
techniques to parameters calibration with innovative destructive and non-destructive testing 
techniques 

 

1.1 Motivation 
 
Surgical instruments, hip, ankle, tibia, and shoulder joints require a smooth surface, while for 
prosthetic components that need osseointegration like pins, implants, and screws, surfaces must 
have customized properties. Regarding the Additive Manufacturing technologies, several process 
parameters can be modified to improve the roughness and mechanical properties of the final part, 
achieving acceptable values to minimize the post-processing. 
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1.2 Problem Statement and Context 
 
From the previous overview of the metal additive manufacturing challenges, an area of 
opportunity in the medical field was identified. Where the widespread clinical use of medical 
devices fabricated with additive manufacturing and medical device integration can contribute to 
improve workflow, reduce clinical errors and costs. With additive manufacturing complex forms 
and risky cases can be approached, but several protocols and guidelines are required to ensure 
that these medical devices can fulfill its function without failure. Also, to have a process, planning 
and guidance is a challenge for new technologies due to the lack of standards and certifications. 
Since 2017, the National Institute of Standards and Technology (NIST) has been developing 
standards for metal additive manufacturing pushed by the aerospace and automotive industries. 
Overall, a process mapping that can be translated into different systems and machines is needed 
for the industry. But, also specific requirements such as surface integrity and mechanical 
properties are relevant in the fabrication of parts. In the medical field, both part characteristics 
have a strong influence on the success of the medical device implantation in a patient. 

1.3 Research Question 

 
How can the standardization of data, process guidelines, information, and knowledge with all 
variables (input and output) improve the process planning in the production of implants using 
SLM technologies? 

1.4 Solution overview 
 
-    Standardization of data, process guidelines, of all variables (input and outputs) has been set 
up by using a Unit Process Life Cycle Inventory (UPLCI) methodology. 
-    A process guideline for all variables related to the manufacturing process has been presented 
as a way to obtain optimized ranges of parameters for a specific material by using different 
characterization methods. 
-    A validation with different process chains for the fabrication of customized, complex and 
optimized implants has proved that LPBF can meet the requirements for the manufacturing of 
medical devices
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Chapter 2. Reusable unit process life cycle 
inventory for manufacturing: selective laser 
melting 

 

Abstract 
In many industrial applications, Selective laser melting (SLM) has been recognized for its 
flexibility in Net Shape Manufacturing. In this powder bed fusion technology, a feedstock is 
deposited and selectively fused with a thermal joining via laser power. In this work, the unit 
process life cycle inventory (UPLCI) was used to discretize energy consumption and material 
losses for modeling the SLM process. A reusable perspective in terms of materials, parameters, 
and calculation tools to estimate the energy consumption and mass loss in practical evaluations 
of production lines is presented. Calculations of energy were obtained and classified as basic, 
idle, and active energy. Theoretical equations were also shown to relate the most important 
parameters of the process with its energy consumption. Finally, a case study is presented to 
analyze the UPLCI capacity to improve energy consumption in the manufacturing of medical 
devices. 

Keywords: unit process life cycle inventory, selective laser melting, additive manufacturing, 
energy consumption.
 

1. Introduction 
Selective Laser Melting is a transforming process of mass conservation categorized as thermal 
joining due to laser energy used for the welding of successive layers. According to ASTM 
52900:2015, SLM is classified as a powder bed fusion technology where a feedstock is deposited 
and selectively fused with a heating agent [1]. The principle is based on laser fusion of a layer of 
powder material with a laser scanning pattern on a building platform which moves in Z-axis 
direction for the addition of a new powder layer. Parts of different alloys such as stainless AISI 
316L, Cobalt-Chromium alloy (Co-Cr), Ti6Al4V, Aluminum alloys, Nickel alloys among others 
can be manufactured through this process. The selection of the powder material depends on the 
mechanical, chemical and physical properties of the final application, which are adapted to the 
medical, aerospace, automotive and other industries where highly complex geometries or 
customization is required. Metal Additive Manufacturing (MAM) has presented 875% growth in 
the past five years, and 220% in 2016-2017 [2]. 
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The manufacturing process starts with a digital geometry file which is converted to STL 
(Standard Tessellation Language file) and introduced to the machine software where parameters 
are selected, and a code is generated and sent to the SLM system. After that, the SLM system is 
prepared it to fabricate parts. The size and shape of the powder considered to feed the machine 
are strongly important as the inert gas (commonly Ar or N2 according to the chemistry of the 
alloy) is used for filling the process chamber to avoid any reaction related with the powder (i.e., 
reducing oxidation, controlling humidity and adjusting the temperature of the system). In the 
HMI (Human-Machine Interface) screen of the SLM system, the file is selected, and the machine 
starts the pressurizing of the chamber. Then, the inert gas flows inside the chamber to reduce 
the O2 to less than 10 ppm (parts per million) [3]. Afterwards, the powder covers the building 
plate with a roller, blade or a combination of them which produce a uniform distribution over it. 
After the powder has covered the building plate, the laser (CO2, lamp or Nd: YAG laser, disk or 
a fiber laser) adapted to a beam deflection system (Galvanometric mirrors) melts each layer with 
a scanning strategy. When the layer is finished, the building plate moves down in Z-axis, and 
the process is repeated. Inert gasses are in continuous flow during the process and perpendicular 
to the roller mechanism to avoid inconsistencies and provide a safer environment. Depending on 
the material, the building plate is adjusted to a temperature to conserve it during the additive 
process. After the additive process is completed, cooling time is automatically set, and the 
building chamber is cleaned by moving the non-used powder to the containers for its recycling. 
Parts are removed from the building plate and cleaned using an ultrasonic bath. If it is needed, 
parts could be post-processed with mechanical or electrochemical polishing to enhance surface 
quality.  

Some authors [4–8] have adopted Life Cycle Inventory (LCI) or performed the 
environmental and energy assessment of AM. For example, Kellen’s et al. performed an energy 
and performance analysis of the SLM process by collecting data using life cycle inventory (LCI) 
and discretized some of the elements of machine energy consumption. The study consisted of a 
power analysis, where it was found an average power consumption of 3.25 kW when the laser 
was active, and total energy of the building process of 39.60MJ for 0.409kg of stainless steel 
316L[9]. Besides, Baumers et al. compared electron beam melting (EBM) and SLM process 
energy consumptions where it was reported energy consumption of 111.60 - 139.50 MJ per kg of 
stainless steel 316L while EBM resulted in 61.20-176.67 MJ per kg, but some quality 
characteristics were compromised in EBM [10]. 

Faludi et al. measured with LCI the environmental impacts of SLM in terms of energy 
consumed per part (MJ/part) using aluminum-silicon powder considering all peripheral 
equipment. They found that auxiliary equipment consumes more energy than the SLM system. 
Also, they relate the energy consumed with productivity, and they found an energy consumption 
of 68.88MJ (0.058 kg) when producing one part while when producing 12 parts, the energy 
required was 32.98MJ (0.696 kg) for each part concluding that by having a full building plate of 
parts, energy can be optimized. In addition, material removal processes should be used instead 
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of EDM because the energy consumed after the SLM process increases per part in 28 % [4]. After 
LCI analysis on SLM process, authors have found that savings in energy can be obtained by 
optimizing the orientation of the part, parameters, and design [11], or maximizing the capacity 
with a full filled building platform [12, 13], performing design optimization of the parts [14], and 
even selecting an adequate material for the part[5]. 

The unit process life cycle inventory (UPLCI) was developed for high production in 
manufacturing operation pursuing the environmental performance assessment of the process 
taking into consideration all inputs and outputs [15]. For AM processes, it is of great importance 
to study systematically the electric energy consumption, the material used and recycled, waste, 
and inert gas consumption. 

Figure 2.1a illustrates a SLM machine configuration, while Figure 2.1b shows the 
process schematics. Process variables related to the laser unit and optical array are laser power 
(P), exposure time (ET), and the spot size diameter (SS). Variables related to the scanning 
strategy are point distance (PD), and hatch distance (HD). Parameters associated with the 
additive process are the number of layers (n), layer thickness (LT), and the speed of the roller 

(Figure 2.2), while the powder alloy parameters as size distribution and shape are also related 

with the LT and indirectly related with SS, HD among others. 
 

 
Figure 2.1 a) Selective laser melting machine (Photographs from Renishaw, UK) b) SLM Process 

schematics. 
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Figure 2.2. SLM parameters. a) Laser parameters. b) Laser scanning strategy c) Parameters related to the 

AM process d) Powder parameters 

 
 
Figure 3 shows an overview of the developed environmental-based factors for SLM 

according to UPLCI methodology. For a given workpiece, the life cycle analysis yields energy use, 
recyclable powder, inert gas, and waste. Inputs such as the material in the form of powder (new 
or recycled), inert gas, energy (electricity), dry air, process parameters, and the preparation (set-
up) of the machine are introduced to the SLM system. The process cycle will be defined by the 
number of layers of powder deposited and melted by the laser. At the end of the process, the 
parts are cooled for a specific time. Non-melted powder and parts are the final outputs of the 
process, the powder is sieved, and pieces can be post-processed using mechanical or 
electrochemical polishing. 

 
At the bottom of Figure 2.3, LCI methodology is summarized and inputs are named as 

resource data (all the requirements to start the process). Inside the process variables, the LCI 
measurable variables are presented as the machine energy, the inert gas consumption, the 
powder, and waste. Finally, as output, the LCI data are referred to the information obtained 
during the SLM process about the measurable variables. 
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Figure 2.3 LCI data for SLM Process. 

 

2. Methodology for Unit Process Life Cycle Inventory Model  
The concept of unit operation is applied in order to assess the manufacturing process in 

terms of environmental impact. The unit process consists of inputs, process components, and 
outputs of operation. Each unit process is converting material/chemical inputs into a 
transformed material/chemical output. The unit process diagram of the SLM process is shown in 
Figure 2.4.  

 
The transformation of input to output results in this report generates five LCI 

characteristics, 
a. Input requirements [powder characteristics, inert gas characteristics, energy 

(electricity), dry air, process parameters, set-up preparation (consumables)]. 
b. Material loss (that may be subsequently recycled or declared waste). 
c. Primary machine and material variables relating inputs to outputs. 
d. Resulting characteristics of the output product that might enter the next unit process. 

 
Figure 2.4 Input-Output diagram of an SLM process 



20 

2.1 Selective Laser Melting Process Energy Characteristics 
Selective laser melting machine consists of a laser beam that is focused selectively by 

galvanometric mirrors in a building platform, in which a roller is displaced in y-axis to distribute 
metallic powder thoroughly, and a servo motor is controlled in the Z-axis to move down the 
platform after the melt layer is produced [4, 16]. This process continues until consecutive layers 
are finished.  

 
The UPLCI is based on a representative operational sequence, as follows. 

 
a) Generation of laser strategy. Firstly, a 3D model is introduced to the SLM 

machine software. The orientation of the part, the support material, the number 
of pieces and parameters are defined. Selecting the right laser strategy can take 
different times and depends on parameters selection, mesh quality of the 3D 
model, the addition of specific support, and selection of laser scanning strategies. 

b) Set-up by the operator. It includes turning on the SLM system [Stand by] 
dehumidifier and chiller, the opening of inert gas and dry air, fume extraction 
(filter valves) and powder containers valves. After that, the roller is assembled 
(silicone changed), and building plate is collocated and fixed with screws to the 
process chamber. Then, Z-axis is calibrated with 100 µm thick shim, the file is 
selected, and the operator pushes the button of start. 

c) Warm up. The building chamber is pressurized at a specific pressure while the 
inert gas flows through the chamber until it gets on the required level of O2 
(typically less than 2000 ppm).  Set-up times from the literature are given in 
Table 1. 

d) Process time can be determined by the laser scanning and the Z-axis movements 
[SLM process].  

i) Since the STL is divided into slices according to layer thickness size, it 
can have different area sizes (X-Y) through its construction because it 
depends on the geometry of the part and the orientation. So, different 
processing times can be obtained through the layers due to the size of the 
sliced area. In addition, laser scanning strategies may represent different 
times of fabrication, and surface properties[17]; for example, meander 
(simple hatching) strategy will take the longest time because of its 
movements are line by line unlike chessboard (quad hatching) and 
stripes where the laser is divided by section areas resulting in a faster 
way of melting the powder compared with meander strategy. 

ii) The time required for the roller along Y-axis and the Z-axis movements 
is constant through all the process. 
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iii) Cooling time is set at the end of the fabrication [Cooling].   
e) Cleaning time depends on the amount of powder over the parts in the building 

chamber. Removing the parts from the building plate can be performed through 
a mechanical deformation or electro-discharge machining processes. Then parts 
are introduced to an ultrasonic bath for 5 to 10 min for removing the powder 
added to the external surface. 

f) When the operation is finished, the workpiece is unloaded and might be sent 
forward to another manufacturing process for post-processing (i.e., machining 
process, electrochemical polishing, among others), or to continue the process 
plan. 

 
Some articles have reported the specific times for some of the previous activities and are shown 
in Table 1. The measured times for the below case of study are included to compare them with 
the literature. For UPLCI, since it is a methodology dedicated to production mode, the first two 
steps Generation of laser strategy and set-up by the operator are included to have the overall 
times and processing for this process. Since usually, the production in MAM is for customized 
and complex projects; these two activities will be necessary for each build to maximize 
productivity. In addition, both activities are performed automatically in some machines, 
therefore they vary depending on the specific automatic set up activities of the SLM system. 
Typical values of averaged power during these two steps are presented below. 
 
 
Table 2-1. Time study for SLM operations from the case study and the literature. 

Application Time Time [Reference] 

Generation of laser code  0.5-1h 0.25 h [18] 

Set-up (operator) 0.16 h n/a 

Warm up time 0.35 h 0.5 h [18], 0.5h[9], 0.65h [4], 0.48h [5] 

Processing time 3.74 h n/a 

Cooling / Cleaning time 0.08h / 1 h 0.6h [5], 2-3.5 h [19] / - 

Post-Processing 0.5 h 0.1 h [18] 
 

 
Figure 2.5 presents three power levels and times (basic, idle, active energy). Additional times of 
preset-up of the machine and cleaning times are added to the process. The time per part is 
consistent if the machine is used for the production of the same part. Each power level is 
represented in Figure 2.6. All time and power are estimated by using references from the 
literature. 
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Figure 2.5. Generic power and time profile in SLM with energy as the area under the power-time graphs as 

shown.   

 

The system boundaries are set to include only the active use of the SLM machine, without 
including maintenance, the cleaning of the machine, and the powders disposal. In addition, the 
operation of the SLM machine is isolated, without the influence of other elements of the 
manufacturing system such as material handling, and post-processing. 
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Figure 2.6. System boundary of the SLM process 

 

2.2 Parameters Affecting the Energy Consumed for Selective Laser 
Melting 

 
Selective Laser Melting can be analyzed by many variables. The most important are 

ranked as follows from most important to least important*: 
1. Powder type and particle size 
2. Laser power 
3. Laser scanning strategy 
4. Laser speed (Point distance, Exposure time)  
5. Hatch Distance 
6. Layer thickness  
7. Spot size diameter 
8. Number of layers 
9. Fine-tuning parameters (number of borders, number of fill contours, upskin and 

downskin) 
10. Geometry and set-up  
11. Support material 
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*Importance was given to parameters based on the result in terms of the product integrity. Also, 
the influence on the surface quality and mechanical properties was taken into consideration. 
 

2.3 Energy through the SLM process. 
 

From UPLCI methodology, the total energy consumption calculations of SLM per part can be 
adapted from the following equation (Eq. 1). Where, according to Figure 2.6, three important 
stages are presented: the basic, idle and active energy which will be further discussed below.  

 
𝐸!"!#$ = 𝐸%#&'( + 𝐸')$* + 𝐸#(!'+*                                            Eq. 1 

 
2.3.1 Active energy 

 
Process top parameters of the SLM process are presented in Figure 2.7. There are two basic 
UPLCI approaches for active energy. The first one, from the literature and expressed in Equation 
2, provides the volumetric energy density, which is the result of the most important process 
variables listed before; laser power, laser speed, layer thickness, and hatch distance. Volumetric 

energy density (VED) values are in a range of 30-104.52 ,
--! (Table 2-2) for stainless steel 316L 

according to the literature review. Table 2-2 presents a literature review of the volumetric energy 
density for different materials.  
 
For the calculation of VED, equation 1 considers all the top parameters, 

 
              𝑉𝐸𝐷 = .×*!

.)×$!×0)
= .

1𝑠×$!×0)
                                                    Eq. 2 

 

where the volumetric energy density (VED) is given in !
""2 . 

- HD is the hatch distance given in 𝑚𝑚 
- P is the laser power used in 𝑊 
- ET is the exposure time and is given in µm; 
- and PD and LT are given in µm. 
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Figure 2.7. Top variables for SLM. 

 
Equation 3 presents the energy to produce the part, including supports, so with this calculation 
energy consumption of the laser system can be estimated with the VED and volume of the part. 

 
                                               𝐸34567 = 	𝑉𝐸𝐷	 ×	𝑉𝑜𝑙53-                                                Eq. 3 

and 𝑉𝑜𝑙53- comes from equation 4, 

𝑉𝑜𝑙53- =	𝑉𝑜𝑙8479 + 𝑉𝑜𝑙5:88;79                                                         Eq. 4 

 
where   

- 𝑉𝑜𝑙8479 is the volume of the part in 𝑚𝑚< 

- 𝑉𝑜𝑙5:88;79 is the volume of the support material in 𝑚𝑚< 

 
The laser energy can be calculated with the geometry and volume of the part, material properties 
(Table 2), and processing parameters (Table 3).  
 
Table 2-2. Volumetric energy density for different materials. 

 
Material 

Study VED (J/mm3) 
Reference 

Stainless steel, 316L 

Porosity and Hardness Test 30-80 [20] 

Part density 104.52 [21] 

Tensile Test, Hardness Test 62 [22] 

Density, Tensile Test, Surface quality 40-90 [23] 
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Roughness, Tensile Test 56.67 [24] 

Ti6AlV4 

Density, Microstructure 55-60 [25] 
Density, Hardness, Microstructure 75 [26] 

Density, Microhardness 120-190 [27] 

Porosity and density 117 [28] 

Residual stresses, Roughness, Porosity 116.7 [29] 

Roughness, Tensile Test, Microstructure 195 [30] 

Co-Cr 
Roughness, Tensile Test, Microstructure 85 [30] 

Hardness, Compression, and Tensile Tests 180 (out), 75 (in) [31] 

Aluminum, AlSi10Mg alloy Porosity, Tensile Test 60 [32] 
Inconel 625 Tensile Test, Fatigue Test, Porosity, 

Roughness 
93.6 

[33] 

 
 
Table 2-3. Processing parameters for stainless steel 316L. 

Material Particle 
Size 

P(W) vs 
(mm/s) 

SS 
(mm) 

HD 
(um) 

LT 
(um

) 

Strategy SLM machine Reference 

Stainless 
steel, 316L 

- 200 750-
1000 

0.07 110 50 mender 
Renishaw AM250 [20] 

15-45 180 400* 0.07 124 50 meander Renishaw AM250 [21] 

15-40 200 1600 - - 50 chessboar
d Concept Laser M2 [34] 

15-45 200 715* 0.05 90 50 - Renishaw SLM 125 [22] 

22 90 160 - - 75 meander* Realizer 250 SLM [23] 

15-45 170 1000 0.075 60 50 meander Renishaw AM400 [24] 

 
The other approach for addressing the active energy manages the power and time relationship 
in megajoules (MJ) during the laser scanning process as it is shown in  and Figure 2.7 and 
Equation 6, and what later will be named as demanded energy. A few works shown in Table 4 
used this approach and reported the energy consumed in MJ during the SLM process with 
different metal alloys. In this table, all the previous stages of the SLM process mentioned in 
section 2.2 are included. Some authors measured the standby, the peripheral, and the post 
processing energy consumed, but not listed or declared them as part of the basic, idle or active 
energy, so values were collocated to fix the UPLCI methodology. 
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Time 
The time for the fabrication of the part during the laser scanning is dependent on the following 
mechanisms: the Y-axis (roller) and Z-axis moving, and the time when the laser is actively 
melting the material (Equation 5).  

𝑡&$= = ∑ 𝑡>4?@5A
B +	∑ 𝑡7;3367	(E	4?@5)GA

B +∑ 𝑡34567	5H4AA@AIA
B   Eq. 5         

Power 
During the process, 𝑃&$= is averaged and multiplied by the 𝑡&$= and thus obtaining the energy 
demanded by the machine when the laser was active (see Equation 6). 

𝐸&$= = 𝑃&$= ×	𝑡&$= Eq. 6 

where the average of the SLM energy 𝐸&$= is given in 𝑀𝐽. 
- 𝑃&$= is the average power during the process given in watts
- 𝑡&$= is given in minutes

Thereby, from the two forms for calculating the active energy for SLM, the first one is thus based 
on the workpiece material being processed, processing parameters and the volume added and 
the supports for the part, but not considering the active actuators. In the second form, the 
demanded energy from the system, 𝐸&$=, includes the 𝐸34567, active actuators, and idle sensors 
and actuators. Nevertheless, in the approaches explained above, some values of the Idle Energy 
𝐸')$* are not taken into account and need to be addressed in a more complete assessment. 

Table 2-4. Energy consumed through different stages of the SLM process. 

Energy Consumption 

Basic Idle Active Total 

Post 
Processi
ng (MJ) 

Reference 

Part / Material 
Set Up 
(MJ) 

Stand 
by (MJ) 

Periphe
ral (MJ) 

Warm up 
(MJ) 

Cooling 
(MJ) 

Active 
(MJ) 

SLM total 
(MJ) 

Single part Build (SS 
316L) - - - - - 111.60 111.60* 

[10] 

Full build 
experiment (SS 

316L) - - - - - 139.50 139.50* - 
[10] 

Full build 
experiment (SS 

316L) - - - - -    96.82 96.82 -                           [9] 
Single bearing 

block (SS 17-4PH) - - - - - 222.13 222.13 - 
[12, 13] 

Single turbine 
wheel (SS 17-4PH) - - - - - 66.80 66.80 - 

[12, 13] 

Full build 
experiment 
(SS 17-4PH) - - - - - 879.73 879.73 - 

[12, 13] 

Single part build 
(Aluminum) - 1.34** 31.5** 2.88 [8.02%] 

6.19 
[17.25%] 

26.81 
[74.72%] 

35.88 MJ 
[100%] 33.45 [4]*** 
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Full build 
experiment 
(Aluminum) - 1.34** 141.31** 2.11 [0.08% 

6.23 
[2.45%] 

245 
[96.70%] 

253.34 
[100%] 142.46 [4]*** 

*The total energy is given in MJ/per Kg
** Values of energy mentioned in the reference, but not included in the sum of energy consumed.
*** Breakdown of energy consumed in different stages.

2.3.2 Idle Energy 

The idle energy consists of all the accessory parts of the machine requiring energy when the 
machine is not in standby mode. Idle power, 𝑃')$*, are listed in Figure 7. To calculate the idle 
energy, the idle time, 	𝑡@J36	(s), which is the sum of time when the machine is active from the 
warm-up to the cooling of the fabricated parts, including the time when the laser is scanning the 
layers. The sum of all idle times is presented in Equation 7. 

	𝑡@J36 =	 𝑡K47-	:8 +	𝑡&$= +	𝑡H;;3@AI	 Eq. 7

The idle energy for a single feature is calculated using Equation 8, 

	𝐸')$* =	𝐸K47-	:8 +		𝐸&$=	+	𝐸H;;3@AI	 Eq. 8 

It can be also represented by the average of the power during the specific times of each step 
(Equation 9), 

𝐸')$* = 𝑃K47-	:8 ×	𝑡K47-	:8 + 𝑃53- ×	𝑡53- +	𝑃H;;3@AI ×	𝑡H;;3@AI    Eq. 9 

where 𝑃#$" and 𝑡#$" are referring to the idle energy measured when the laser is scanning the 

powder. The other two components of the equation consider the energy consumption during the 
warmup and the cooling stages; both averaging the power during their specific time. 

2.3.3 Basic Energy 

The basic energy includes the consumption of energy of the elements inside or outside of the 
machine. These elements can consume energy even when the machine is not running in 
production. Some of the peripheral elements are listed in Figure 2.6. The basic energy is 
generated by the servomotors, lighting devices, numerical control, human-machine interaction 
devices, and equipment attached to the machine (the chiller, dehumidifier or the sieve station). 
Although some of them are not operating (i.e., fume pump, galvanometric mirrors, servo motors), 
they are running at no-load power consumption. In contrast, the chiller and the humidifier are 
running at the same time in which the energy consumption is required for their operation. From 
Figure 2.5, the basic time is the time required for the process, and it can be represented in the 
following equation:  

 𝑡L45@H = 𝑡594AJ	LE + 𝑡569	:8 + 𝑡@J36 Eq. 10 



29 

 
The basic time (in minutes) comprehends all the time required to produce a part in the machine 
since it is turned on until the part is cooled and ready to be taken from the building chamber, 
covering the time for set-up and the idle time. 
 
The peripheral equipment considered for this paper are the sieve station, the chiller, and the 
dehumidifier. For the calculation of the peripheral energy 𝐸867@8M6743 (MJ), the average power 

consumption of each one of external equipment is multiplied by the active time when the 
equipment is working (Equation 11). 

 
𝐸867@8M6743 = 	𝐸HM@3367 +	𝐸J6M:-@J@N@67 +	𝐸5@616                         Eq. 11                               

 
Thus the basic energy, 𝐸%&#'(, is given by equation 12, where 𝐸594AJLE contains the basic energy 

consumption when the machine is turned on without any operation, 𝐸569:8 is the energy needed 

to calibrate and set up the machine by the operator. Both are calculated by the average of power, 

𝑃594AJLE , 𝑃569:8 during the specific time (𝑡594AJLE, 𝑡569:8) of those steps. 𝐸867@8M6743 is obtained from 

equation 11. 

 
𝐸L45@H = 𝐸594AJLE + 𝐸569:8 + 𝐸867@8M6743                            Eq. 12 

 
2.3.4 Summary on Unit Process Life Cycle Energy 

 
The following information is used for the estimation of the.  unit process life-cycle energy for 
Selective Laser Melting: 

1. Part material being manufactured. 
2. Part and supports volume. 
3. Equations and tables presented above. 

 
2.4 Method of Quantification for Mass Loss 

 
 In SLM, the mass loss is being analyzed through the process performance measurements 

(Table 5). 

 
Table 2-5. Waste streams in SLM. 

 
Type of waste streams Selective Laser Melting 

Waste 
streams Gas ● Inert gas 

Solid ● Powder 
● Support material 
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2.4.1 LCI for Material Mass Loss Calculations 

After the SLM process is concluded, the powder is collected and stored in metal containers 
for filtering. The powder which not passes through the sieve is called powder waste 

(𝑚8;KJ67K4596), and is a part of the mass loss (𝑚3;55) because it cannot be recycled. Therefore, the 

calculation of the powder waste comes from the multiplication of the mass sieved, the amount of 
powder not recycled, and the number of times the powder is sieved. Besides, the support material 

(𝑚5:88;795), which is removed after taking out the parts from the building plate is also part of the 

losses of material (𝑚3;55).  The support material (𝑚5:88;795) can be determined by the 

multiplication of the 𝑉𝑜𝑙5:88;79  and the density of the support material (𝜌5:88;79) as expressed 

in Equation 13. 
 

𝑚5:88;79 = 𝑉𝑜𝑙5:88;79 × 𝜌5:88;79                                     Eq. 13 

 
The powder waste 𝑚8;KJ67	K4596, a product of the sieving of the used powder, is the product 

of the multiplication expressed in Equation 14: 
 

𝑚8;KJ67	K4596 = 0.75	 ×	𝑚5@616J × 	𝑛                           Eq. 14 
 

where 𝑚#')*)+is mass input to the sieve station, n is number of times, and 0.75 is the 

percentage of loss powder in the sieve station according to the literature [35]. 
 
 
Consequently, the mass loss (𝑚3;55) during the SLM process will be the sum of the powder waste 

and the mass of the support material. 
 

𝑚3;55 = 𝑚5:88;79 +𝑚8;KJ67K4596                              Eq. 15                                                         

2.4.2 LCI for Inert Gas Loss Calculations  

For enabling the SLM process, the inert gas is necessary for producing a safe atmosphere 
of low oxygen within the building chamber; also, it can be useful to avoid the corrosion and 
oxidation of the fabricated parts. Common inert gases for SLM are helium, argon, and nitrogen 
[36]. The inert gas is pumped through the system during the process in constant circulation; then 
it is filtered and released to the room when the process chamber is opened. 

 
The consumption of argon	%	𝑙𝑜𝑠𝑠 can be measured by the difference between the argon 

tank 𝑃@A at the beginning and end of the process 𝑃;:9  divided by 𝑃94AO. 
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%	𝑙𝑜𝑠𝑠 = (𝑃@A − 𝑃;:9)/𝑃94AO                                Eq. 16 
                                          
The inert gas is filtered and reused when the SLM machine is processing material, in the 
meanwhile, the machine uses a constant flow during each fabrication cycle. 
 
3.  Case Study on SLM 

 In this report, we analyze the detailed energy consumption calculations in the production 
of a tibia implant using an SLM machine model Renishaw AM400. The relevant machine 
specifications are listed in table 6. 

 
Table 2-6. Specifications of a Renishaw 400 SLM system. 

Machine type Renishaw 400 
Maximum build envelope (X × Y × Z) 248 mm × 248 mm × 285 mm 

Minimum pressure in chambers (vacuum) 950 mbar-gauge or 5 kPa (-13.8 psi) 

Working pressure in chamber (overpressure) 10 to 20 mbar-gauge or 101 to 202 kPa 
(0.15 to 0.30 psi) 

Power supply 220 V to 240 V, 16 A, 45 to 60 Hz, single phase 

Chilled water connection From chiller 

Argon gas supply connection 3/8 in BSP male cone fitting 

Dry air supply – AM400 only 10 mm diameter pneumatic tube to air drier, 6 mm diameter from 
drier to AM400. 1.6 bar to 2.4 bar (23 psi to 35 psi) minimum flow 

of 10 l/min (0.35 ft3) 
Running argon consumption (after initial fill) 10 L/hr. to 50 L/hr. (0.4 to 1.8 ft³/hr.) 

Filling / purge consumption 600 L to 1 500 L (21 ft³ to 53 ft³) 

Argon quality (greatest permissible impurities) 20 ppm or better (99.998% pure) 

 
3.1 Product Details: 

 
 A tibia implant is considered for this case study to present a well-defined product related 

with AM real applications. The part has the following dimensions 32.71 × 21.23 × 190 mm and 
other specifications are included in Table 7. The objective of the study is to analyze the energy 
consumption from the production of the part with the supports.  

 
Table 2-7. Specifications of the implant. 

Number of test specimens included 1 
Mass per part 60.32 gr 
Volume deposited 2,029,630 mm3 
Part volume 6,968 mm3 

Supports volume 572 mm3 
Total volume of fabrication 7,540 mm3 
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Figure 2.8. Tibia fixation plate 

 

3.2 Processing parameters  
The process parameters and material specifications are listed in Table 8. 

 
Table 2-8. Processing parameters for the case of study. 

 
Material Properties 

Part material Stainless steel 316L 

Density 
4.4 g/cm³ [tap density] 5.1 g/cm³ 

[apparent density] 
Particle size 45 ± 15 µm 

Volumetric parameters 
Layer Thickness (LT) 0.05 mm 
Number of layers (n) 660 

Laser parameters 
Laser scanning strategy quad islands [chessboard] 

Stripe size 5 mm 
Laser Power (P) 170 W 

Exposure Time (ET) 20 µm 
Point Distance (PD) 20 µm 
Exposure Time (ET) 80 µm 

Point Distance (ET) 80 µm 
Laser speed (vs) 1000 m/s 

Fine tuning parameters 

Border (B) 1 
Fill Contours (FC) 1 

Hatching distance (HD) 0.06 mm 
Rotation Angle 67º 

Initial angle 0º 
Hatch offset 0.03 mm 

Border distance  0.03 mm 
Beam Compensation 0.0225 mm 
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Focus 0 
Fill contour distance  0.06 mm 

Fill contour offset 0.06 mm 

 
3.3 SLM process 

The laser strategy selected for the fabrication of this product was quad island (meander) 
where the laser is divided into small squares and fills the area in a different order. In Figure 2.9, 
the implant is shown with their supports (Fig 10a), and the laser strategy filling the quad islands 
in a specific order (filling, upskin filling, contours, borders, upskin border) (Fig 10d-i). Processing 
parameters for the fabrication of the implant are shown in Table 7. 

 

 
Figure 2.9. Laser strategy and (b) supports system, (c) laser strategy, (d) filling, (e) upskin filling, (f) fill 

contour 1 (g) fill contour 2, (h) border, (i) upskin border  
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3.4 Time and Energy calculations 
The power was quantified through time using an energy logger model Fluke 1732 (Fluke 

Corporation, Everett, WA, USA). The data was analyzed and identified in Fluke Energy Analyze 
Plus Software. The time breakdown of the schematics presented in Figure 2.5 (generic power 
and time profiles) are presented in the same form for the case study in Figure 2.10. The power 
averages were obtained from the measurements and analyzed with the previous equations to 
present the LCI data. 

 
Figure 2.10. Power vs time during the SLM process. 

 
The process can be divided into three main sections, in agreement with the energy breakdown 
of the generic model presented above. 

3.4.1 Basic energy 
 
The basic energy is calculated with Eq. (12), but first 𝐸594AJLE	and the 𝐸569:8 are calculated from 

the average of power during the time of each step, 
 

𝐸594AJLE = 𝑃594AJLE × 𝑡594AJLE = 580𝑊 × 1(
60𝑠
1𝑚𝑖𝑛) = 0.03𝑀𝐽 

𝐸569:8 = 𝑃569:8 × 𝑡569:8 = 1110.2𝑊 × 10(
60𝑠
1𝑚𝑖𝑛) = 0.66𝑀 

 
The power of the peripheral equipment (𝑃HM@3367	and the	𝑃J6M:-@J@N@67) was obtained from the 

energy logger and is shown in Table 8 using equation 11 as follows, 
 

𝐸867@8M6743 = 𝐸HM@3367 + 𝐸J6M:-@J@N@67 + 𝐸5@616 
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Table 2-9. Peripheral equipment and their power consumption and times. 

Peripheral equipment Power (avg) (W) Time (min) Energy (MJ) 

Chiller 2000 260 31.2 

Dehumidifier 165 260 2.57 
Sieve station 60 40 0.14 

Total   33.91 
 
 
 
For the calculation of the 𝐸%#&'( , the Equation 12 was used as follows, 
 

𝐸%#&'( = 𝐸594AJLE + 𝐸569:8 + 𝐸867@8M6743 = 0.03𝑀𝐽 + 0.66𝑀𝐽 + 33.91𝑀𝐽 = 34.6𝑀𝐽 

3.4.2 Idle energy 
 
A valid approach for estimating the idle energy is the use of the cooling energy 𝐸H;;3@AI which 

depends on the time set to cool the parts, and the warm up energy 𝐸K47-:8, which depends on 

the time spent on the preparatory functions within the building chamber. The idle energy can be 
calculated with Equation 8 as follows, 
 

𝐸')$* = 𝐸K47-:8 + 𝐸&$=+𝐸H;;3@AI  
    

In the case of the 𝐸&$= component of the equation, is unfeasible to extract experimentally the 
portion of the amount of energy consumed by all the idle devices by separate, from the energy 
consumed by the devices that are part of the Active Energy (laser and servo motors). Therefore  
𝐸&$=was neglected in the Idle Energy calculations and was taken into consideration only for the 
Active Energy.  The resulting calculations are shown in Table 9. 

 
Table 2-10. Stages of the idle energy 

 
Stage Power (avg) (W) Time (min) Energy (MJ) 

Warm up 2753 21 3.46 

Cooling 1507 5 0.45 

 
Idle time was calculated using Equation 7, including the idle time of the laser and servo motors, 
in addition to the idle time of all other non-active actuators and sensors. 

   
	𝑡@J36 =	 𝑡K47-	:8 +	𝑡&$= +	𝑡H;;3@AI 

 
	𝑡@J36 = 21	𝑚𝑖𝑛	 + 	223	𝑚𝑖𝑛	 + 	5	𝑚𝑖𝑛	 = 249	𝑚𝑖𝑛 
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Finally, from the results shown in Table 9, the 𝐸,-./  is calculated as follows (where 𝐸0.1 is 

considered in the Active Energy). 
  

𝐸')$* = 3.46	𝑀𝐽 + 0.45	𝑀𝐽 = 3.91	𝑀𝐽 

3.4.3 Active energy 

Active energy was calculated from the measurements of the power consumed by the laser and 
the servo motors during the SLM process. For this calculation, the time can be obtained from 
Equation 6, and the laser scanning time for each layer can be extracted from the software 
according to the parameters selected. For this case study, the time was obtained during the whole 
fabrication cycle and is calculated as follows.  

𝑡&$= =F𝑡>4?@5

A

B

+	F𝑡7;3367	(E	4?@5)

GA

B

+F𝑡34567	5H4AA@AI

A

B

= 223	𝑚𝑖𝑛 

 
where n was the number of layers (660 in total). 
 

The demanded power during the AM process (𝑃0.1) was averaged from 1,357 measurements 

made with the energy logger through time in intervals of 10 seconds in 𝑡0.1. With the previous 

data,𝐸0.1was obtained by using Equation 6 as follows, 
 

𝑃&$=41I = 1807	𝑊 

 

𝐸&$= = 𝑃&$=41I ×	𝑡&$= = 1807	𝑊 × 223G
60	𝑠
1	𝑚𝑖𝑛H = 24.17	𝑀𝐽	 

 

3.4.4 Volumetric energy density (VED) 

The 𝐸$&#)2 can be theoretically calculated according to the volumetric energy density principle 

(Equations 2 and 3), and the amount of volume melted, estimated with the parameters shown 
in Table 7. 
 

𝑉𝐸𝐷 =
𝑃

𝜐5H4A × 	𝐿𝑇 × 	𝐻𝐷
=

170	𝑊	

1000𝑚𝑚𝑠 × 	0.05	𝑚𝑚	 × 	0.06	𝑚𝑚
= 56.67	

𝐽
𝑚𝑚< 

 

𝐸34567 = 56.67	
𝐽

𝑚𝑚< × 7540	𝑚𝑚
< = 0.4272	𝑀𝐽 
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By subtracting the 𝐸34567 and measuring the active actuators consumption of energy from the 
𝐸&$=, the 𝐸@J36 and 𝐸4H9@16 can be estimated with a higher level of accuracy. Nevertheless, as it 
was stated before, these estimations are infeasible without specialized equipment, due to the 
difficulty in separating the energy consumption of each device involved in the process (Galvano-
mirror, servo motors, and other actuators). 
 

3.4.5 Total energy 

 
The total energy is estimated using Equation 1 and considering all the parameters and 
calculations explained above. The fabricated product is shown in Figure 2.11, and the result is 
expressed as follows: 

 
𝐸!"!#$ = 𝐸%#&'( + 𝐸')$* + 𝐸&$=(41I) 

 
𝐸!"!#$ = 34.6	𝑀𝐽 + 3.91	𝑀𝐽 + 24.17	𝑀𝐽 = 62.68	𝑀𝐽 

 

 
Figure 2.11. Implant with support. 

 
3.6 LCI mass loss calculations 

3.6.1 Inert gas loss calculations 
For the calculation of the percentage of gas used during the process, the Equations 16 is required, 
where %	𝑙𝑜𝑠𝑠 is obtained from the difference of pressure at the beginning and at the end of the 
process and considering the tank used. 
 

%𝑙𝑜𝑠𝑠 = (."#P.$%&)
.&'#(

  

%𝑙𝑜𝑠𝑠 = (2300𝑝𝑠𝑖 − 1900𝑝𝑠𝑖) = 400
𝑝𝑠𝑖
2600𝑝𝑠𝑖 = 15.38% 
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3.6.2 Material gas loss calculations 

For the calculation of the mass losses, Equations 13-15 and Table 7 will be required. 
 

𝑉𝑜𝑙53- =	𝑉𝑜𝑙8479 + 𝑉𝑜𝑙5:88;79 = 6968	𝑚𝑚< + 	572	𝑚𝑚< = 7540	𝑚𝑚< 

 
By using the 𝜌#344526 from the supplier, the 𝑚#344526	can be determined, 
 

𝑚5:88;79 = 𝑉𝑜𝑙5:88;79 	× 	𝜌5:88;79 = 	0.572	𝑐𝑚< × 	8	
𝑔𝑟
𝑐𝑚< = 4.576	𝑔𝑟 

 
The total mass loss of this AM process can be estimated with the following calculations, 

𝑚3;55 = 𝑚5:88;79 +𝑚8;KJ67	K4596 = 4.576	𝑔𝑟 + 0.0075	(10𝑘𝑔) × 	4 = 5.276	𝑔𝑟 

 
Losses during the handling of the powder during the process due to the operator are not taken 
into consideration. 

 

4. Conclusions 
 
This research paper presented the application of the unit process life cycle methodology (UPLCI) 
in Selective Laser Melting, using the calculation of the energy consumed through the process, 
and the mass and the inert gas losses. The energy was divided for its analysis in active, idle, and 
basic energies, and later analyzed in the different stages of the process.  
 
Summarizing, UPLCI for SLM can be estimated with the following information: 

- The material of the part with the parameters chosen for its production. 
- The volume of the part. 
- Specifications of the laser system and the machine and its peripheral equipment. 
- The real time recording of the energy demands during the fabrication of a part. 
- The equations explained in the previous sections, related with power and time 

consumption during the process. 
 
In the case study presented in this article, a tibia fixation plate was successfully fabricated, and 
monitored through all the process, from the time in which the operator starts the calibration 
until the end of the fabrication with a total energy consumption of 62.68MJ. Peripheral 
equipment such as the chiller can consume more energy than the machine during the selective 
melting of the part. A small amount of mass losses proved the advantage of using these AM 
technologies for the fabrication of parts. By using UPLCI, users can improve the energy 
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consumption of the process and monitor all the inputs and outputs of the process. In addition, it 
will contribute to the best practices for the use of this technology. 

Future works 
The analysis of the energy consumed by the laser and active actuators during the process can be 
helpful to know the right amount of active and idle energy consumed during the process. In 
addition, further studies on the efficiency of lasers can provide a better understanding of the 
proper parameters of each machine and provide a global standard for replicable productions with 
different machines. 
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List of symbols 
% loss percentage of loss 

B border 

Eactive active energy 

Ebasic basic energy 

Eidle idle energy 

Etotal total energy 

Echiller chiller energy 

Ecooling cooling energy 

Edehumidifier dehumidifier energy 

Elaser laser energy 

Eperipheral peripheral energy 

Eset up set up energy 

Esieve sieve energy 

Estand by stand by energy 

ET exposure time 

Ewarm up warm up energy 

FC fill contour 

HD hatch distance 

LT layer thickness 

mloss mass loss 

mpowder waste mass of the powder waste 

msupport mass of the support 

n number of layers 

P power 

Pchiller chiller power 

Pcooling cooling power 

PD point distance 

Phumidifier humidifier power 

Pin initial pressure 

Pout out pressure 

Pslm average power of SLM 

Pset up set up power 

Psieve sieve power 

P stand by stand by power 

ρsupport density of the support material 

Ptank tank pressure 

P warm up warm up power 

SS spot size 

tbasic basic time 

tcooling cooling time 

t chiller chiller time 

tdehumidifier humidifier time 

tidle idle time 

tlaser scanning laser scanning time 

troller roller movement time 

t set up set up time 

t sieve sieve time 

tSLM slm time 

tstand by stand by time 

twarm up warm up time 

tz axis movement z-axis time 

Vloss volume loss 

Volpart part volume 

Volslm volume of part and support 

Volsupport support volume 

Voltank tank volume 

vs laser scanning speed 

Abbreviations 
SLM  Selective Laser Melting 
MAM   Metal Additive manufacturing 
STL   Standard Tessellation Language 
HMI  human-machine interface 
ppm   parts per million 
UPLCI unit process life cycle inventory 
LCI   life cycle inventory 
EBM  electron beam melting 
VED  volumetric energy density 
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Chapter 3. Process planning of L-PBF of AISI 
316L for improving surface quality and relating 
part integrity with microstructural 
characteristics 

 

 

Abstract:  

The optimization and characterization of parts for the processing parameters calibration in laser powder bed 
fusion has been recently well studied in academia but still under research in the industry, due to the early 
adoption of this technology in different companies and research centers. Within this context, this paper 
proposes a process planning workflow for the obtention of calibrated ranges of parameters for AISI 316L 
samples, and to understand the relationship between the improved parameters, the surface quality and part 
integrity with the microstructural characteristics. Two principal methods of characterization, (1) 
Nanoindentation and Electron backscatter diffraction (EBSD) and (2) non-contact profilometry by Focus 
Variation, were used to validate the influence of the overlap of the point distance (PD) and hatch distance 
(HD) in the fabrication process. In this study, hardness and the modulus of elasticity exhibited the highest 
values of 4.59 GPa and 229.7 GPa respectively in the parallel orientation to the build direction. The obtained 
hardness and modulus of elasticity were correlated with the different grain sizes and the resulting 
crystallographic orientation product of the thermal history of the process. Roughness (Ra) was improved with 
the selection of parameters and presented the lowest value of 5.433 µm. Finally, the microstructure was 
studied on the samples as the final assessment on the improved parameters where finer cellular/dendritic 
structures were found.  

Keywords: laser powder bed fusion; selective laser melting (SLM); optimization of parameters; 

nanoindentation;  surface quality; electron backscatter diffraction; additive manufacturing 

 

1. Introduction 
Laser powder bed fusion technologies (L-PBD) have been used more in recent years since 

machines are more affordable and the process is in continuous improvement. With the advances in 
the development of more efficient systems and lasers, and in situ monitoring, the productivity of L-
PBF machines has increased. The Wohlers report presented that revenue from additive 
manufacturing (AM) metal machines grew 29.9% in 2018 to an estimated of 947.8 US million 
dollars [1]. Early adoption in the academy and industry has increased the research and 
development of final products significantly. In the academic field, according to SCOPUS database, 
from 1975 to 2019, a total of 5889 documents were published about L-PBF. In the last years, 2016 
(624 documents), 2017 (865 documents) and 2018 (1226 documents) have been published, 



43 

increasing the scientific and industrial knowledge around this technology, where China, Germany 
and the US are the countries with more contributions [2]. Another growing market in AM is the 
powders production. Commercially available alloys commonly used for casting/powder metallurgy 
have been introduced to L-PBF with successful results. Significant growth of 41.9 % in 2018 of the 
revenue of different types of commercial alloys in a total of 260.2 US million dollars. However, some 
critical issues have been limiting the advantages of AM with these available materials, such as 
balling of the material during the process, defects produced due to the thermal history of the 
material (solidification cracking/hot tearing), and others [3]. Hence, the development of new alloys 
that can be weldable avoiding the cracking tendency, has contributed to the exponential growth in 
the research of this topic. Even though it is a recent technology, and there is a curve of knowledge 
for early adopters, with the right guidelines, workflow, documentation, and characterization, 
optimized parameters can be obtained. Thereby machines can be running production as some 
industries have reported. 

To understand the basics of the processing parameters and variables that have inherent in 
the process is fundamental to generate workflow or process guidelines. Firstly, processing 
parameters have different names and nomenclatures. Figure 3.1 presents a summary of the most 
important and well-known processing variables and their equivalences for different machines. 
Laser Power (P), Layer thickness (LT), laser scanning speed (vs) and hatch distance (HD) are 
considered to be the most important parameters due to their impact on the integrity of the parts 
(Figure 3.1A) [4]. Commercial machines have different laser systems that can be programmed in 
different forms: pulse width modulated (PWM) and continuous (CW). When a laser is working 
either in PWM, it can provide processing parameters related to the pulse frequency, duration, and 
peak power [5]. Two of the most relevant processing parameters related to PWM, and commonly 
reported in the literature are the Point distance (PD) and Exposure time (ET) shown in Figure 
3.1B. Since L-PBF is an AM process, where layers (n) are added continuously, process parameters 
such as the initial and rotation angle of layers can have an impact on the distribution of stresses in 
all directions [6].  

The next points include relevant introductory concepts that could help the industry 
practitioners in understanding the importance of process calibration and its impact on mechanical 
behavior and surface quality. There are other concepts related to subsurface part integrity that 
were not taken into account in order to summarize the most relevant to adopters of this technology, 
looking to fabricate functional parts in conventional industry. 
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Figure 3.1. Process parameters. (a) Overview of the processing variables in the building chamber. (b) 

Parameters related to modulated lasers (c) Parameters related remelting and rotation angles through the 
part. 

 

a) Scanning strategies 
Several authors have identified different scanning strategies, and the most representative 

are presented in Figure 3.2. In some studies, such as Segura-Cardenas et al., the authors found 

that, by using the meander strategy, the surface quality was improved [7], and additionally, 
mechanical properties were enhanced. H. Ali et al. found that, with the chessboard scanning 
strategy, residual stresses were reduced and at the same time, the relative density increased due 
to the distribution of heat [8,9]. Concentric scanning strategy has been demonstrated to be useful 
in improving the geometry fidelity in small struts, stents or lattices compared to the hatching 
strategy (stripes) [10].  
  

 
Figure 3.2.Laser scanning strategies. 
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The energy provided by the laser to the powder through time creates a thermal joining 
history in which the material is melted and cooled by each layer; therefore, mechanical properties, 
microstructure and surface quality varied as a result of the combination of processing parameters. 
The calculation of that energy input has been summarized in different dimensions: linear, areal, 
and volumetric [11]. Specifically, the investigation presented here addresses the calibration of L-
PBF process according to Linear Energy Density (LED) and Volumetric Energy Density (VED), as 
explained in the following sections.   

b) Linear energy density (LED) 
Firstly, when working with engineered materials, finding the right processing parameters to obtain 
good weldability is fundamental. Weldability is a function of the reaction taking place in the fusion 
zone by a heating agent of the metal alloy, leading to the formation of a permanent monolithic 
welded product [12]. Weldability criteria were stated in some standards, such as in the ISO/TR 
581:2005. Accordingly, selection criteria and terminology to evaluate parameters related to 
weldability have been adapted from [12] for L-PBF, where parameters can produce satisfactory or 

unsatisfactory results (see Figure 3.3). It is considered that the good/top parameters present 

continuous weld lines, uniform thickness and height, and no superficial defects. Some ranges of 
parameters can produce poor results where spatter particles and apparent high porosity appear 
due to unmelted powder. It is considered unsatisfactory when the following defects appear spatter 
particles, balling effect, and some concentrations of material with a continuous weld line, but 
uniformity is compromised. 

 
Figure 3.3. Selection criteria for best parameters, adapted from [12] 

Equations as linear energy density (LED), which relates power (P) and laser scanning speed 
(vs) (see Equation 1), have been used to capture the interaction between energy, linear feed, and 
time. Several authors, in their task to optimize processing parameters for different materials, have 
measured geometrical accuracy, roughness, height, and penetration of the laser, as shown in Table 
1. For example, for the case of titanium alloys, Gu et al. found that by increasing the laser speed, 
an elevated thermal and kinetic undercooling with an associated solidification rate takes place. 
They found that a balling effect and thermal cracks have resulted from a low viscosity of the 
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material during the welding process [13]. Also, Hong et al. developed a study of welding lines with 
different parameters for Co-Cr commercial alloy, in which they found that the previously discussed 
parameters and hatch distance are key factors to determine the surface quality [14]. On the other 
hand, with an aluminum alloy, Wei et al. proposed a scope for processing LED values that led to 
continuous scan weld lines with a smooth surface in the range of 1.5-1.875 J/mm [15]. Another 
study characterized Inconel 718 processability using LED to prove the weldability of the material 
by analyzing the average melt line, width, and depth [16].  
  
 

𝐿𝐸𝐷 = 7
8Q

                                                                               (1) 
 
Table 3-1.Main studies using Linear Energy Density (LED) for parameters optimization. 

Material 
Study LED 

Reference 

Cp-Ti Density, Microstructure, Roughness, 
Hardness 

0.3-0.45 
[13] 

Ti-24Nb-4Zr-8Sn Density, Hardness, Tensile Test 0.36 [17] 

Co-Cr Roughness, Weld lines 1.4-5.1 [14] 

Aluminium,AlSi10Mg alloy Density, Microstructure, Tensile Test 1.8 [15] 

Inconel 718 
Weld lines 0.21 [18] 

Microstructure, Hardness, Density 0.33 [16] 
Inconel 625 Roughness, Weld lines 0.7 [19] 

 
After the production of weld lines with different LED, authors have presented optimum 

parameters in terms of surface quality, internal porosity, and microstructure.  

c) Volumetric energy density (VED) 
 

In the quest to correlate parameters with the mechanical, geometric, surface, and density 
properties, the volumetric energy density has been widely adopted as an indicator to select the 
optimum range of parameters. Equation 2 is the representation of VED in terms of the previously 
presented most influential parameters P (watts), vs (mm/s), LT (µm), and HD (µm).  

 

𝑉𝐸𝐷 = .
R)×	$!×	0)

                                                                         (2) 

 
Some authors discussed if VED is a good approximation for parameter synthesis, drawing several 
concerns due to the lack of information about the material consideration in the VED equation [20], 
the lack of understanding on the main characteristics of the laser [21]; and the uncertainty in 
reproducibility and feasibility. Other authors made profound conclusions of why VED is a 
thermodynamic quantity without capturing complex physical phenomena such as the Marangoni 
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flow, hydrodynamic instabilities, and the recoil pressure, which have a direct impact on the 
consistency of the tracks [22]. Still, VED is widely used to summarize process parameters, in 
addition to characterization techniques such as porosity analysis, density measurements, tensile 
and hardness tests. Table 2 presents recent studies where authors have published range values of 
VED to correlate the effect of specific parameters with different part properties.  
 
Table 3-2. Main studies with VED for the optimization of parameters 

Application 
Study VED 

Reference 

Stainless steel, 316L 

Porosity and Hardness Test 30-80 [23] 

Part density 104.52 [24] 

Tensile Test, Hardness Test 62 [25] 

Density, Tensile Test, Surface quality 40-90 [26] 

Roughness, Tensile Test 56.67 [27] 

Ti6AlV4 

Density, Microstructure 55-60 
[28] 

Density, Hardness, Microstructure 75 [29] 

Density, Microhardness 120-190 [30] 

Porosity and density 117 [31] 

Residual stresses, Roughness, Porosity 116.7 [32] 

Roughness, Tensile Test, Microstructure 195 [33] 

Co-Cr 
Roughness, Tensile Test, Microstructure 85 [33] 

Hardness, Compression and Tensile Tests 180 (out), 75 (in) [34] 

Aluminium,AlSi10Mg alloy Porosity, Tensile Test 60 [35] 
Inconel 625 Tensile Test, Fatigue Test, Porosity, Roughness 93.6 [21] 

 
d) Selection of parameters in range 
 

Table 3 presents a literature overview of different types of ferrous, titanium, aluminum and 
nickel-based alloys additively manufactured with L-PBF. These works aimed to find optimum 
parameters ranges to obtain good mechanical and surface quality properties by using different 
characterization methods and process guidelines. These authors worked with different systems and 
varied the parameters according to the machine limitations/configurations. For example, stainless 
steel 316L has been reported in different ranges of VED, between 30-104 J/mm3 where it can be 
additively manufactured [23–27], and different combinations of parameters in the following table 
produced optimized ranges, but in some cases very different from each other due to the L-PBF 
system limitations. 
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Table 3-3. Literature overview of the processing parameters for different materials. 

Material Particle 
Size 
(µm) 

P 
(W) 

VS 
(mm/s) 

DS 
(mm) 

HD 
(µm) 

LT 
(µm

) 

Laser 
scanning 
Strategy 

L-PBF machine Reference 

Stainless steel, 
316L 

- 200 750-
1000 

0.07 110 50 mender 
Renishaw AM250 [23] 

15-45 180 400* 0.07 124 50 meander Renishaw AM250 [24] 

15-40 200 1600 - - 50 chessboard 
Concept Laser M2 [36] 

15-45 200 715* 0.05 90 50 - Renishaw SLM 125 [25] 

22 90 160 - - 75 meander* 
Realizer 250 SLM 

[26] 

15-45 170 1000 0.075 60 50 meander 
Renishaw AM400 

[27] 

AISI Marging 
Steel 

40 100 180 0,2 - 30 chessboard 
SLM Machine [37] 

304L 32-46 95 70 0.2 120 30 chessboard Concept Laser M3 Linear [38] 

20-50 200 250 0,1 - 20 stripes SLM system (LSNF-1) [39] 

Cp-Ti 
0-45 70 400* 0.054 - 50 lines MCP Realizer II, [40] 

19.5-43.3 200 300 0.07 50 50 meander SLM system (Fraunhofer LT) [13] 

Ti6AlV4 

36 200 1000 0.07 80 30 meander* 
DiMetal-100 [41] 

- 320 3000 - 60 30 meander* SLM 150 Machine 
[28] 

20-63 120 400 0.07 80 50 - SLM Solutions 250 [29] 

18-40 194 800-
1100 

- 70-120 20 meander SLM system (LSNF-1) [30] 

31-53 175 400-600 - 80 30 meander* SLM Solutions 250 [31] 

15-58 400 50 0.2 630 200 meander Concept Laser M2 [42] 

<50 175 500 - 100 30 
chessboard 

SLM Solutions 280HL [32] 

37 95 125 0.2 130 30 - Concept Laser M3 Linear [33] 

25-35 110 700 0.2 75 30 meander SLM Solutions 125HL [43] 

10.62-31.46 100 40 34 40 50 
stripes 

SLM Machine [44] 

- 250 1600 - 60 30 meander* in house developed [45] 

Ti―6Al―7Nb 8-64 100 150 0.18 100 50 meander* SLM Realiser II [46] 

Ti-24Nb-4Zr-8Sn 45-100 200 550 0.08 - 100 linear MTT SLM 250HL [17] 

Co-Cr 

<40 200 128.6 0.08 100 50 stripes SLM Machine PNUME [14] 

20-50 325-350 66-88.3 0.15 - 200 - in house developed 
[47] 

- 200 700 0.075 125 30 stripes Renishaw AM250 
[48] 

50 95 200 0.2 140 40 - Concept Laser M3 Linear [33] 

15-45 90,126 700,120
0 

0.05 50, 70 20 chessboard SISMA MYSINT100 system [34] 

33 40 333.33  0.75 40 30 concentric 
Renishaw AM250 

[49] 
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Aluminium,AlSi10
Mg alloy 

20-60 200 1400 0.15 105 30 
meander, 

stripes Concept Laser M1 Machine [50] 

35 175 1025 0.15 97.5 30 chessboard Concept Laser M2 [35] 

20-63 910 <300 0.3 700 50 chessboard Trumpf Trumaform LF250 [51] 

20-63 350 930 0.08 190 50 chessboard 
SLM Solutions 280HL 

[52] 

20-63 100 500 - 50 40 
meander* 

Realizer Gmbh-50 [53] 

25-45 250 500 0.2 150 50 - Trumpf Trumaform LF130 [54] 

15-30 400 1000 0.1 200 60 stripes EOSINT M280 [55] 

0-45 180 1000 0.07 50 40 meander* SLM 150 Machine 
[15] 

20-63 350 900 - 120 100 stripes SLM Solutions 280HL 
[56] 

Inconel 718 

10-45 180 600 0.15 - 30 
chessboard 

SLM solutions 
[57] 

- 350-450 300-600 - 80 40 meander EOS M400 
[58] 

30 110 400 0.07 60 30 meander SLM 150 Machine 
[59] 

- 285 960 0.075 110 20 lines EOS Sint 280 
[18] 

15-45 130 400 0,07 - - - in house developed 
[16] 

Inconel 625 22,5159 550 400 0.8 - - lines in house developed 
[19] 

34.63 160 500 0.05-0.08 60 20 meander* HRPM II 
[60] 

10-45 170-180 500-600 0.07 140 50 stripes SLM Solutions 125HL [21] 

 
In the present paper, to evaluate, test, and characterize the properties of parts produced 

through L-PBF, the following techniques are suggested: (1) Optical profilometry through Focus 
Variation (FV) and (2) a combination of Nanoindentation and Electron Backscatter Diffraction 
(EBSD).  The advantage of these two characterization techniques is that different sections of the 
parts can be selected, and a correct overview of the product properties of this manufacturing process 
can be assessed. 

1.1 Focus Variation 
Focus variation is a non-tactile profilometry technique that overcomes the small depth of 

focus of an optical system with scanning in a vertical direction to improve the topographical 
resolution and colors as a result of the variation of focus [61]. With this technique, the surface 
topography is created in a three dimensional form, that can be used as an alternative tool for the 
measurement of surface roughness, waviness and form, and being compatible with standards ISO 
4287 and ISO 4288. Using this technique, some authors have studied the effect of the laser on the 
surface roughness [7,27,62] and found some trends explaining how the parameters affected the 
quality. In other work, Triantaphyllou et al. compared two L-PBF processes, SLM and EBM by 
using this characterization technique, and found an average surface roughness Ra of 4.8µm along 
and across the layers [63]. 
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1.2 Nanoindentation and Electro Backscatter Diffraction 
Nanoindentation is a surface mechanics method to study the localized deformation behavior 

at the nano and micro levels. The efficient approach of this technique to develop a fundamental 
understanding of the deformation mechanisms can be helpful for multi-scale modeling [64]. 
Anisotropic behavior of mechanical properties such as elastic modulus and hardness is a common 
phenomenon in some materials at the nanoindentation scale level [65], which are associated with 
the activation of various deformation mechanisms when the material is stressed along different 
crystallographic orientations [66]. 

To visualize the microstructure, generating a map representation of the grain boundaries 
is very useful to explain the grain orientation, misorientation, phase, grain size, rotation angle, and 
distribution of grains. For this purpose, Electron Backscatter Diffraction (EBSD) has been used in 
additive manufacturing to prove the anisotropy of the L-PBF process [67]. The interface between 
two grains in a polycrystalline material creates a grain boundary. Grain boundaries have some 
impacts on material properties because these boundaries are sites for the initiation of corrosion and 
precipitation of new phases from the solid. Grain boundaries disrupt the movement of the 
dislocation through a material. Hence, reducing grain size and increasing grain boundaries are 
ways to improve mechanical properties. With both characterization techniques, nanoindentation, 
and EBSD, a correlation between the crystallographic orientation and the grain size and their 
influence on the mechanical properties in a specific zone of the part product of the thermal history 
of the process can be addressed. 

As all the previous works have proposed several alternatives for obtaining optimum 
parameters, this paper will address the topic looking to report the comparison between dimensional 
energy equations and defining this process with two levels, (1) by testing the two-dimensional 
weldability and (2) by analyzing the three dimensional fabrication of a part with a proper 

calibration (Figure 3.4). Task Type 1 – Design of Experiments is the first task where material and 

application must be selected, and the design of experiments for the previous two levels has to be 
done. In this paper, an approach of varying PD and HD will be varied to understand the influence 
of the overlap in the surface quality and part integrity. Afterward, the Task Type 2 – Sample 

fabrication where a number of consecutive Builds to prove the design of experiments is suggested. 
Finally, Type 3 – Characterization and parameter selection is presented where different 
characterization techniques are performed in terms of roughness, topographical characterization, 
nanoindentation, and a final assessment to report the microstructure of the optimum parameters. 
By using statistical analysis results, the importance of the parameters of these two levels was 
identified.  
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Figure 3.4 Proposed process tasks to obtain parameter ranges. 

 
2. Materials and Methods  
 
2.1 Materials and Experimental Set-Up 

The proposed parameters optimization procedure used a laser powder bed fusion 
commercial machine. A Renishaw AM 400 (Renishaw, UK) with a maximum building volume of 250 
× 250 × 300 mm was used for producing samples. The radiation source was a modulated laser Yb-
fiber with a maximum power of P = 400 W, a wavelength of λ= 1075 nm, and a spot size calibrated 
at d= 75 µm. 

The workflow started with the task Materials and application selection, in which the 
selected material for this study was an austenitic stainless steel (designation SS 316L-0410, 
Renishaw-United Kingdom) with the following composition: Fe (Bal), Cr (16-18%), Ni (10-14%), Mo 
(2-3%), Mn (<2%), Si N (<0.1%), O (<0.1%), P (0.045%), C (0.03%), S (0.03%). Five samples from the 
powder container were analyzed with an EVO MA25 ZEISS Scanning Electron Microscope (Zeiss, 
Jena, Germany) with an accelerating voltage of 20 kV and high vacuum. The average particle size, 

calculated using ImageJ software, presented a normal distribution (Figure 3.5), and a 

D90=42.84µm. 
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Figure 3.5 (a). Particle size distribution. (b) SEM Micrograph of stainless steel powder with D90=42.84 µm 

2.2 Samples design  
The samples were designed using SolidWorks 2018 at the two levels of experiments 

(SolidWorks, Dassault Systems SolidWorks Corporation, USA). The first level of testing, Build 1, 
consisted of three replicas of lines of 15 mm with 1, 3, 7 layers of height, and 75 µm of thickness in 
an array of 9 × 9, with a separation of 10 mm between weld lines and 15 mm from a different set of 
weld lines. For the second level of testing, Build 2, the experiment consisted in using rectangular 
prisms of 10 × 10 mm, and 20 mm in height, with a support separation of 10 mm from the building 
plate, with an array of 3 × 3 and 15 mm from each side. 

2.3 Design of experiments 
According to Figure 3.4, and the previously mentioned arrays, an experimental design was 

done by taking into consideration the parameters previously mentioned in the literature review, 
and some constraints for the determination of processing parameters. For this case, and according 
to the measurement of the particle size and with the found particle size (D90), it is recommended 
to use a layer thickness of 40 µm [68]. 

At the sample fabrication tasks, the machine was supplied with new powder, the building 
plate was collocated, and the roller was calibrated. Argon was circulated through the system in an 
inert ambient of less than 10 ppm of O2 [69]. The set of samples were sliced, and process parameters 
were varied using QuantAM 3.4.0. software (Renishaw, United Kingdom). The design of these two 
levels of experiment has the objective to prove the weldability of material by melting the powder in 
a straight line (1), and to verify the fabrication of multi-layer parts (2), which were named Build 1 
and Build 2 respectively. The building plates were washed with ethyl alcohol to remove the non-
melted powder.  

The DoE for Build 1 consisted of three-level experiments with triplicate welding lines were 
P, ET, and PD were varied. Three values of P were selected: 75, 125, and 175 W. PD was varied 
according to Figure 3.6 (18, 37, 57 µm), achieving a percentage of overlapping in the construction 
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of a weld line. The minimum value of the ET (20, 50, 80 µs) was set according to the laser 
specifications.  

 

 
Figure 3.6. Overlapping percentages of PD and HD (a) 75%,  (b) 50%, (c) 25% 

 
The purpose of Build 2 was to test the multilayer capacity of this alloy with the predefined 

processing parameters from Build 1. Therefore, to fabricate Build 2, HD and LT were set according 
to Table 4. HD is the distance between two weld lines and was varied, as shown in Figure 3.6, to 
validate if the overlapping by the proximity of two lines (25%, 50%, and 75%) can produce better 
properties in terms of mechanical, surface quality, and part density. After Build 2 was 
manufactured, parts were mechanically removed from the building plate, were put in an ultrasonic 
bath for 20 minutes with distilled water and 10 minutes in acetone, and finally dried using 
compressed air.  

 
Table 3-4. Processing parameters for Build 2. 

 

Sample Number Power 
(watts) 

Exposure 
Time (µs) 

Point 
Distance (µm) 

Hatch 
Distance (µm) 

Layer 
Thickness (µm) 

1 175 50 18 18 40 

2 125 80 18 18 40 

3 175 80 18 18 40 

4 175 50 18 37 40 

5 125 80 18 37 40 

6 175 80 18 37 40 

7 175 50 18 56 40 

8 125 80 18 56 40 

9 175 80 18 56 40 

 
During Task type 3, two types of characterization were used to find the optimum range of 

parameters: 1) By using a visual characterization and surface topography measurements. External 
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quality of the part is reported, and parameters that presented the balling effect, non-continuous 
weld lines, and under/over melting of the material were discarded. 2) In order to propose an 
assessment of the mechanical properties, microstructure analysis and nanoindentation techniques 
are suggested.  

2.4 Visual Characterization and Topography characterization 
Visual characterization is important because it shows on a macro level the stability of the 

processing parameters. For Builds 1 and Build 2, the criteria were defined to select the optimum 
parameters with the information collected firstly by a qualitative analysis, performed using a 
SteREO Discovery V8 microscope equipped with a CCD camera AxioCam HRC (Carl Zeiss 
Microimaging GmbH, Jena, Germany), and using AxioVision 4.5 software (Carl Zeiss). In order to 
create topography images of Builds 1 and 2 surfaces, a non-contact 3D profilometry method was 
used. Additionally, the average surface roughness (Ra) was measured to determine the quality of 
the weld line in the parallel (PAR) and perpendicular (PERP) to the building orientation surfaces 
of the rectangular prisms made in Build 2. The surface topography data was obtained using a non-
contact profilometer that works under the principle of Focus Variation, Alicona Infinite Focus 
microscope G4 (Alicona Imaging GmbH, Graz, Austria) with an objective of 10x, with a vertical 
resolution of 50 µm and lateral resolution of 3.5 µm. Ra values were calculated with a cut-off length 
of 2500/8000 µm. The average surface roughness (Ra) measurements were performed according to 
the ISO 4287 and ISO 4288 standards. For Build 2, SEM micrographs were taken using an EVO 
MA25 ZEISS Scanning Electron Microscope (Zeiss, Jena, Germany) with a 50-150 ×, and common 
defects were observed such as balling effect, pores and inconsistencies of the weld lines. 

2.5 Nanoindentation and microstructure     
A MTS Nanoindenter® XP equipped with TestWorks® software and Continuous Stiffness 

Measurement (CSM) technology were used in nanoindentation. Nanoindentation was performed on 
the PERP and PAR surfaces (Figure 3.7) with nine (9) measurements in three (3) different locations 
(1 mm, 5 mm, and 9 mm). Nanoindentation of Build 2 samples, in a cross section of the rectangular 
prisms: 10 × 10 × 10 mm, was performed with a standard Berkovich tip with a radius of 50 nm and 
φ and β angles of 65.3° and 12.95°, respectively. Stainless steel 316L samples fabricated with L-
PBF were previously cut by conventional Electrical Discharge Machining (EDM) in order to 
minimize the temperature and residual stress effects on the microstructures. Afterwards samples 
were cut and separated according to their orientation with respect to the building direction as 
parallel (PAR) and perpendicular (PERP) as shown in Figure 3.7. For this study, samples were put 
in Bakelite and polished with SiC grit paper from 240 to 1200, followed by polishing on micro 
polishing clothes with 5 µm to 0.05 µm alumina powders and 0.03 µm colloidal silica for the final 
polishing step. The polished scratch-free samples were then carefully dried with acetone and air 
blow gun. The samples were collocated on the stage assembly of the MTS Nanoindenter® XP for the 
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nanoindentation testing. The parameters used for nanoindentation testing were a strain rate of 
5×10−2 s−1, poisson's ratio of 0.3, and surface approach velocity of 10 nm/s. The instrument was 
calibrated before each of the batch tests using a standard fused silica specimen, in an array of 3 × 
3 indents with spacing of 100 µm in ‘x’ and ‘y’ directions. The machine made an array of indents 
consecutively by minimizing the traveling distance of the indenter head. The indentation depth 
limit for each indent was 1500 nm to make it easier to find the indents on SEM imaging. Average 
hardness and modulus of elasticity were calculated based on all twenty-seven (27) indents of each 
sample. Statistical analysis was performed on the results to analyze if there was statistical 
difference between the results of hardness and modulus of elasticity (GPa). 

 

Figure 3.7. AISI 316L part from which two samples were made by cutting it with EDM on perpendicular (PERP) and 
parallel (PAR) to build orientation. 

As far as the metal additive manufacturing process is concerned, a complex heat state is 
created during selective laser melting due to energy dissipation, heat transfer, melting, re-melting, 
solidification and re-solidification of powder particles, which provides a route to characteristic 
crystallographic microstructures of solidified melted powder particles [70]. In steels, chemical 
composition of all the alloying elements, existing phases and their microstructures determine the 
mechanical properties. Factors such as temperature gradient, variation in cooling rates, the lower 
conductivity of loose powder as well as process parameters all together contribute to different 
direction-dependent mechanical properties on the microstructural build up over the printed parts 
by L-PBF [71].   

A FEI Nova NanoSEM 230 with EDAX Octane Elite EDS and Hikari Super EBSD detector 
with an operating voltage of 20 kV was used to obtain an EBSD map of the nanoindentation region. 
EBSD provides 2D maps of crystal orientation from cross-sections. The latest version (v8) OIM 
Analysis™ has reset the standard for EBSD data analysis capability with the addition of new 
functionality such as Neighbor Pattern Averaging and Reindexing (NPAR™) and other features 
which enables users to achieve new insight into microstructural characterization. The mirror 
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polished samples were tilted by 70º to increase the diffraction efficiency during the EBSD 
acquisition. TEAMTM EBSD analysis system was used for EBSD data acquisition, and TSL OIM 
Version 8 software was used for the data analysis. The scan area, the step size, and the average 
Confidence Index (CI) of EBSD acquisition were 330 µm × 275 µm, 1.00 µm, and 0.90, respectively. 
The additively manufactured stainless steel 316L samples have a face-centered cubic (FCC) crystal 
structure or γ-phase. The selected γ-phase on the OIM software contained the information 
necessary to model the Electron Backscatter Pattern (EBSP) produced by the expected phase in the 
sample. The hardness and modulus of elasticity of each indent were identified from the 
nanoindentation data and thoroughly studied to find out any correlation between different 
crystallographic planes and mechanical properties. 

3. Results and discussion 
3.1 Visual characterization and surface topography characterization 
and Roughness (Ra)  

On Build 1, the weld lines were characterized on the PERP and PAR surfaces with non-
contact 3D profilometry, and roughness was measured using the ISO 4287 and ISO 4288 standards. 
Through the experiment with different P, PD and ET, all the values were in a range of 0.32 to 9.33 
J/mm of LED. From the micrographs taken with SteREO Discovery, visual criteria (Figure 3.3) 
were determined to verify the weldability of the material: by (i) continuous weld lines, by (ii) well-
defined thickness, and by (iii) samples without defects (spatter particles, balling effects, voids). 
Examples of the criteria selection of improved parameters are shown in Figure 3.8. The 
Marangoni/Gibbs–Marangoni effect is a product of the surface tension gradient where the mass 
transfers along with an interface between two fluids. It has an essential role in how the material is 
welded, due to the temperature-driven in the process or the thermocapillary convection [72], and 
to produce continuous smooth tracks [73]. When the value of surface tension is negative, the cooler 
liquid pool tends to move the liquid metal away to the center where the material is hotter, and 
surface tension is lower. This flow is regulated by the Marangoni effect, where the flow on the 
surface is radically distorted always. Therefore when the liquid pool gets larger than the beam 
diameter, due to higher laser power [73,74] or a large PD, large surface thermal gradients are 
obtained, producing the weld lines shown in Figure 3.8 A-B. Thus, weld lines with lower LED (0.32-
4.14J /mm) produce more defects or discontinuities in the melt tacks, as it is shown in Figure 3.8 
A) (2.14 J/mm) and Figure 3.8 B) (4.54 J/mm). Due to the low power values, all 75 W lines and 
samples with PD of 37 µm or 56 µm produced a wider melt pool; hence, distributions of thermal 
gradients resulted in unsatisfactory weldability according to the previously defined criteria, and 
this level of power was discarded for the upcoming experimentation in Build 2. When LED was 
found in its highest values, satisfactory weldability was found, as shown in Figure 3.8C) with LED 
of 5.18 J/mm. 
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Figure 3.8. Visual selection of (A) Non continuous weld line P: 125W ET: 80 µs PD: 56 µm (B) Spatter particles 
surrounding the weld lines P: 175W ET: 80 µs PD: 37 µm  (C) Uniform weld line P: 175W ET: 50 µs PD: 18 
µm   

From the visual characterization three values of LED were selected and parameters 
resulting in (A) LED: 6.66 J/mm (B) LED: 5.83 J/mm and (C) LED: 9.33 J/mm. These three top 
parameters were characterized by Focus Variation with an objective of 10x and a cut-off length of 
8000 µm (Figure 3.9). Resulted from the average in Ra of the triplicate of the weld lines of the top 
parameters fabricated with 7 layers, roughness (Ra) of (a) 12.672µm, (b) 15.163 µm and (c) 12.145 
µm was found. 

 
Figure 3.9. Top parameters in Build 1 (A) P: 175W ET: 50 µs PD: 18 µm (B) Spatter particles surrounding the weld lines,  
P: 125W ET: 80 µs, PD: 18 µm, and (C) Uniform weld line P: 175W ET: 80 µs PD: 18 µm.   

The parameters with the best process response from Build 1 were taken to the next level 
(Build 2), for performing three-dimensional fabrication of sample parts and using the additional 
parameters from Table 2 (LT and HD). From Build 2, geometric characteristics of the weld lines 
were also modified, and as a result, surface topography was different due to the thermal 
distribution of the previous layers and the weld lines attached to each other. 
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Surface roughness (Ra) was measured on the PAR and PERP surfaces of the samples with 
non-contact 3D profilometry by Focus Variation, without the use of additional post-processing 
operations. The average Ra from five areas of the PERP surface is shown in Figure 3.10. Results 
showed that with the highest value of LED (9.33 J/mm), the roughness was lower compared with 
the product of lower LED values. The lowest roughness Ra of 5.433 µm was found at the highest 
value of LED and with a HD of 37 µm (Sample 6). By using these parameter combinations in the 
volumetric energy density equation (VED), the lowest roughness was exhibited at the highest 
values of VED for the PERP surface. 

 

 
 

Figure 3.10. Roughness on the PERP orientation of the Build 2 parts (variation of hatch distance): A) HD: 18 µm, B) HD: 
37 µm, and C) HD: 56 µm.   

 
Statistical difference was found in PERP oriented samples with a p-value<0.05, using a 

one-way Anova test. In agreement with the work of previous authors, where they stated that with 
a 0° and 90° orientation angle, the roughness is higher on the 0° (PAR) samples due to the influence 
of the surrounding powder particles in the perimeters (borders) that are not completely melted [7]. 
A significant difference was found in the results of the PERP orientation samples were parameters 
influence the topography of the surface where a smooth surface, less defects (balling effects, holes, 
voids) were presented. On the other side, no significant difference was found on the samples with 
PAR surfaces. Values of Ra averaged in a range of 29.74 - 46.15 µm, and a similar response of the 
means was found as shown in Figure 3.11. Processing parameters with higher VED produced 
higher values of Ra on the PAR oriented surfaces; in comparison, the same processing parameters 
on the PERP oriented surfaces result in lower Ra values due to the less amount of energy on the 
edges of the samples. 
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Figure 3.11 Roughness on the perpendicular and parallel orientation of the samples. (Lowest values of Roughness are 

marked with * in blue). 

3.2 Morphological characterization 
Morphological characterization was performed on the PERP surfaces of different samples. 

From the previous analysis, two samples were selected to detect the most common defects in the 
criteria established in Figure 3.3, and showing smooth surfaces. Figure 3.12A (Sample 6) presented 
the lowest surface roughness obtained in this study, where the weld lines are continuous and 
uniform, and no defects were presented in the edges or particles attached to the surface. In contrast, 
Figure 3.12B-D (Sample 7) show evident defects such agglomeration of particles and voids, balling 
effects, and critically damaged surfaces due to the lower value of VED. These defects are more 
evident in the PERP surface and can result in lower density and porosity in the internal layers. 
Further studies on the density and porosity are needed to have more information about the internal 
structure of the samples.  
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Figure 3.12 SEM Micrographs, (A) Well defined weld lines (150x), (B) Agglomeration of particles and voids (150x), (C) 
Balling effect and particles concentration (50x), and (D) Critical damaged surface (150x). 

3.3 Nanoindentation and microstructure 
3.3.1 Nanoindentation 

Nanoindentation results, hardness, and modulus of elasticity are shown in Figure 3.13. The 
average values of both modulus of elasticity and hardness values varied in all samples regardless 
of the orientation to the building direction. The average modulus values were found to be 192.61 
GPa and 189.05 GPa for samples fabricated PERP and PAR to build direction respectively. 
Similarly, the average hardness values for samples fabricated PERP and PAR to build direction 
were found to be 4.01 GPa and 3.86 GPa respectively. The modulus and hardness results show a 
strong anisotropy [75] for most of the samples depending on the crystallographic orientation of each 
grain. The properties of additively manufactured stainless steel parts are known to be anisotropic 
because of the layer-by-layer melting and solidification of powder particles as well as 
inhomogeneity, which is related to location-dependent alterations due to extended dwell-times at 
relatively higher temperatures. This behavior is in agreement with the literature, in which the 
localized melting of powder particles could lead to inhomogeneous morphologies and, eventually, 
anisotropic behavior [36]. Post-heat treatment can overcome the inhomogeneity of aluminum-
silicon alloys or steel [76,77]. Additionally, the variation of hardness values with the angle of build 
direction in L-PBF process was observed in previous studies [46,78–80] due to the presence of high 
residual stresses. These stresses are generated due to inhomogeneity of the melted powder particles 
layer and was previously discussed as voids and baling effect, which causes variation in layer 
thickness. During the fabrication of parts, deformation and loss of metallurgical contact with the 
substrate resulted in the accumulation of heat and redistribution of residual stresses.  

In this study, samples 1 and 2 with the highest values of VED (810 and 925 J/mm3) 
presented the most porous surface with high percentage of impurities among all the samples; also 
exhibited the lowest average elastic modulus of 176.20 GPa and 143.79 GPa in both PAR and PERP 
orientations due to the high energy and slow laser scanning speed. Lowering the “energy per unit 



61 

length”, however, has a negative effect on the microstructure, since the energy input is insufficient, 
and the powder particles could not be completely melted.  

 
Figure 3.13 Nanoindentation measurements of samples. (A) Modulus of Elasticity (GPa) and (B) Hardness (GPa). 

A one-way ANOVA with repeated measures was performed on the results of Modulus of 
Elasticity and Hardness, and a post-hoc Tukey test was done to compare the means of the samples. 
From this statistical analysis, a significant difference was presented in the samples with different 
parameters (P, ET, PD, HD) with a p<0.05 in both orientations (PAR and PERP). The means of the 
samples with HD of 56 µm presented similar results where the average of Hardness was in a range 
of 3.91-4.01 GPa, and no statistical difference was found in the comparison of these samples 
(Samples 7-9). Samples with an HD of 18 µm and 37 µm presented a higher standard deviation 
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(0.22-0.55 GPa) compared to HD=56 µm samples of where a standard deviation 0.18-0.31 GPa was 
found. However, the highest Hardness value was detected in samples of 37 µm, where Sample 5 
presented the best values in PAR and PERP orientations of 213.97 GPa (SD: 9.65 GPa) and 206.88 
(SD: 7.88 GPa), respectively. On the other hand, the results of the Modulus of Elasticity presented 
a statistical difference with a p<0.05 in samples with different parameters. A similar tendency as 
with the Hardness was identified on samples with a HD of 56 µm where results presented less 
standard deviation of 7.48-9.69µm, and samples of 37 µm presented the highest value in the 
Modulus of Elasticity. The highest values of Hardness were also found in Sample 5 with VED 
(450.45 J/mm3) where PAR and PERP orientations showed values of 5.12 GPa (SD: 0.38 GPa) and 
4.20 (SD: 0.24 GPa), respectively. As a result of this characterization stage, there is evidence of the 
influence of process parameters in surface mechanics, keeping the power at a lower level and the 
exposure time at the highest level for better nanoindentation response. 

3.3.2 Electron Backscatter Diffraction 
For the EBSD analysis, some works were taken for reference, in which researchers used 

EBSD maps for microstructural characteristics concerning the crystallographic orientation of L-
PBF AISI 316L [67,70,81–91]. In the present study two different conditions were taken into 
consideration for the selection of samples for performing EBSD mapping: the best mechanical 
response and the best surface quality exhibited in the previous characterization with 
nanoindentation and focus variation respectively. Figure 3.14 shows the combination of EBSD 
Image Quality (IQ) greyscale maps and Inverse Pole Figure (IPF) maps, known as IQ + IPF maps, 
of additively manufactured AISI 316L samples number 5 (P: 125W ET: 80 µs PD: 18 µm and HD: 
37 µm (450.45 J/mm3)) and number 6 (P: 175W ET: 80 µs PD: 18 µm and HD: 37 µm (630.63 
J/mm3)). Figure 3.14 (A) and Figure 3.14 (B) show the IQ + IPF maps for PAR and PERP 
orientations in sample 5 respectively. Similarly, Figure 3.14  (C) and (D) show IQ + IPF maps of 
sample 6 in PAR and PERP orientations respectively. The colors on the maps are related to the 
orientation of crystal structures in the samples on the samples' surface normal direction. 

From the visual inspection of IQ + IPF maps, elongated grains in PAR surfaces (Figure 3.14 
(A) and (C)) were readily visible and scattered regular gains (coarse and fine) were observed in 
PERP surfaces (Figure 3.14 (B) and 14(D)) [70,88]. No elongated grains were visible in PERP 
surfaces, rather irregular but more overlapping grains were noticed due to the re-solidification of 
more weld pools on the same grains over and over again throughout the melting process. These 
elongated grains were wider and larger in size on the PAR surface due to directional solidification 
and thus related to the epitaxial growth and irregular scan strategy in the fabrication of the 
samples [89]. Additionally, newly nucleated grains of small columnar shapes in zigzag orientations 
were spotted around the intersections of the molten pool boundaries. In contrast, there were no 
dominant orientations of the grains found on the sample processed PERP to build direction. 

The elastic modulus and hardness of each indent in the nanoindentation array of the two 
best samples were identified on the EBSD maps and shown in Figure Significant anisotropy 



63 

depending on the crystallographic orientation of each grain was observed based on mechanical 
properties such as modulus of elasticity and hardness by studying IQ + IPF maps with the array of 
nanoindents [67,85–87]. Hardness and modulus of elasticity displayed variation on different grain 
orientations on sample 5, where the closely <111> [67] and <001> oriented grains exhibited the 
highest modulus of elasticity (~229.7 GPa) and hardness (~4.59 GPa) in PAR orientation as shown 
in Figure 3.14 (A). On the contrary, in PERP orientation, the highest modulus of elasticity (~228.8 
GPa) and hardness (~4.11 GPa) found to be on <101> oriented grains as shown in Figure 3.14 
Figure 3.14 (B). Similar phenomenon was observed for sample 6; the closely <111> oriented grains 
exhibited the highest modulus of elasticity (~212 GPa) and hardness (~4.5 GPa) in PAR orientation 
as evident in Figure 3.14, and in case of PERP orientation, the highest modulus of elasticity (~220.6 
GPa) and hardness (~4.39 GPa) found to be on <101> oriented grains as evident in Figure 3.14 (D). 
However, <101> oriented grains in Figure 3.14 (A) found to have the lowest elastic modulus (~204.9 
GPa) and hardness (~4.08 GPa). The average grain size (diameter) of sample 5 characterized PAR 
to build direction and PERP to build direction were 14.70 µm and 11.36 µm respectively, whereas, 
for sample no. 6 the average grain size (diameter) was 9.78 µm in PAR and 18.50 µm in PERP build 
directions [Table 6].  

Table 6. Average grain size and misorientation angle for samples 5 and 6. 

Sample # Avg. grain size (diameter) (µm) Avg. misorientation angle (º) 

5 (PERP) 14.7 5.23 

5 (PAR) 11.36 5.29 

6 (PERP) 9.78 4.92 

6 (PAR) 18.5 4.97 
  

 
The anisotropy and effect of grain orientation on the nanoindentation behavior of austenitic 

alloy Fe-15Cr-15Ni were thoroughly studied [67]. Their findings matched the results found in this 
study. The anisotropic behavior in modulus of elasticity was usually observed in uniaxial 
experiments on single crystals and is attributed to the anisotropy in elastic constants. The 
anisotropic behavior in hardness can be qualitatively correlated with the resolved shear stresses 
on slip/twinning systems estimated from Schmid’s law for uniaxial compression. The maximum 
Schmid factor for the <111> compression is considerably lower than those for the <001> and <101> 
compressions; that difference could be the reason for the higher measured hardness near the <111> 
pole in the stainless steel 316L samples [90,91]. This correlation proposes that during the loading 
stage of indentation, as stress increases followed by the expansion of the stress field in the material, 
the ease of continuous activation of slip/twinning systems acts as an essential role in determining 
the nanoindentation hardness.  

Laser energy density and scanning strategy significantly affect the kind and texture degree 
of L-PBF fabricated 316L specimens. In the two selected samples, 5 and 6, the impact of the laser 
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power can be discussed where with a higher P, resulting in crystal growth aligned with build 
direction, higher texture degree, and higher aspect ratio (length/width) of the grains. As shown in 

Figure 3.14 (C), higher P= 175 W resulted in more aligned crystal growth in PAR orientation to 

build direction with a high aspect ratio compared to lower P= 125 W, as shown in Figure 3.14 

(A). The orientation data collected with an EBSD system is spatially displayed in the Inverse Pole 
Figure (IPF). The IPF uses the color from the IPF color key, and the color assigned is based on the 
measured orientation. Typically low angle boundaries or subgrain boundaries are those with a 
misorientation less than 5 degrees [83]. High angle grain boundaries have a larger misorientation, 
generally more significant than 10 degrees. The low misorientation angles (5° ± 0.29) observed for 
all the EBSD Image Quality (IQ) maps of Figure 3.14 might be due to higher dislocation spacing. 
This study was not aimed to discuss the dislocation model of grain boundaries. It was found that 
78-88% of misorientation angles between adjacent cells were below 5%, where the misorientation 
angle distributions weighted by the section area. This result shows a similarity with previous 
studies [81,83]. In this study, misorientation angles were found to decrease for higher laser power 
of 175 W on both PAR (4.92˚) and PERP (4.97˚) orientations compared to lower laser power of 125 
W in PAR (5.23˚) and PERP (5.29˚) orientations. EBSD map of sample 5 (best mechanical properties 
with P: 125W ET: 80 µs PD: 18 µm and HD: 37 µm (VED: 450.45 J/mm3))  as shown in Figure 3.14 
(B) clearly revealed apparent domination of <101> and lack of domination of <111>. EBSD maps 
additionally revealed the elongated grains in PAR orientation to build direction surfaces (Figure 
3.14 (A) and (C)) and scattered regular gains but in different sizes (coarse and fine) and shapes in 
PERP orientations (Figure 3.14 (B) and (D)) [70,88].  
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Figure 3.14. NanoSEM EBSD IQ+IPF maps with nanoindents at 500X (A) PAR orientation and (B) PERP orientation of 
sample 5 (Parameters: HD: 37 µm P: 125W ET: 80 µs PD: 18 µm) (best mechanical properties) (C) PAR orientation  (D) 
PERP orientation of sample 6 ( Parameters: HD: 37 µm P: 175 W ET: 80 µs PD: 18 µm) (best roughness) (E) Original IQ of 
an indent, and (F) IPF Iron (Gamma). 

3.4 Microstructure analysis 
L-PBF processed samples with different laser powers (125 and 175 watts) were mirror 

polished, and cellular dendritic structures were found under high magnification of the FE-SEM 
instrument. Detailed microstructure characteristics located in layer-layer melt pool boundary and 
track-track melt pool boundary are shown in Figure 3.15. Different regions of microstructural 
characteristics were found in the metallographic study, which confirmed some distinct 
morphologies, as observed in many recent studies of additive manufacturing of SS 316L [81–
83,88,89,92–99]. Larger areas under FE-SEM are shown in Figure 3.15 (A) and (C) and Figure 3.15 
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(B) and 15(D) are magnified versions of selected regions selected from Figure 3.15A) and (C). 
Cellular morphologies (region I) were found to appear in every sample. Variation in growth 
orientation of dendrites was observed. Some regions showed random and unexpected 
microstructural patterns marked as the region (III) in Figure 3.15 (B) and (D) for both lower and 
higher laser power, respectively. FE-SEM images exhibited finer cellular/dendritic structures for 
lower laser power (125 W) compared to higher laser power (175 W). This type of 
granulometry/microstructure was formed due to rapid solidification from high temperatures as well 
as repeated heating-cooling cycles of the melt pool regions of current and previously solidified layers 
underneath, which are very common microstructures found in laser processing techniques for 
similar stainless-steel grades. Planar interface growth was observed as the principal crystal growth 
pattern in the black dashed area (region II). The growth of new crystalline layers of cellular 
dendrite formed epitaxially at the solidified planar grains along the fusion line in the normal 
direction shown in Figure 3.15 (B) and 15(D), which is true according to theory. Although the angle 
between the growth orientation of dendrites and tangential of fusion may be affected not only by 
heat flux direction, but also by preferred growth orientation related to the crystal structure. 
Researchers studied and determined the reason for the variation of the planar grains in the melt 
pool [92]. They analyzed the connection between the preferred growth direction and preferred 
crystal orientation of the planar grains. In another study, it was predicted that Marangoni flow 
could change the heat flux direction which could cause convective heat transfer and flow of fluid 
within a melt pool and eventually could lead to altering growth orientation of those type of grains 
from the normal orientation and force to develop along the fusion line as shown in Figure 3.15(B) 
with black dash lines [93]. Primarily in SLM, grains choose to develop in the crystallographic 
orientation of the parent grains, and simultaneously, grains like to grow along the heat transfer 
direction, arising the competitive process among grains. Likewise, part of the previously solidified 
layer is subjected to the melting and cooling cycle during the printing process. In this way, the 
occurrence of remelting of the same solidified layers unquestionably refrains from nucleation for 
solidification. It allows the initial epitaxial growth at the partially remelted grains, which favors 
the growth of grains perpendicular to the curvature of the weld lines, as evident from Figure 3.15 
(A) to (D). 
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Figure 3.15. FIB/SEM images showing microstructures of two different laser powers, (A) and (B) Microstructural 
characteristics with layer-layer fusion pool boundary with laser power of 125 watts, (C) and (D) Microstructural 
characteristics of higher laser power of 175 watts. 

Microstructural characteristics were studied using an optical microscope. These 
characteristics are shown in Figure 3.16A to F with details. Mirror polished samples were dried 
following standard procedure, where defects and pores were visible even with naked eyes and 
etched with Marble’s (4g CuSO4 and 20 ml HCl added to 20 ml distilled water) reagent. Few 
noticeable features were the presence of elongated and coarse grains as well as clearly visible 
cellular dendrites and planar grains on the samples printed perpendicular to the build directions 
as shown in Figure 3.16 (A), 16(C), and 16(E). These coarse elongated grains correspond to higher 
the laser power (175 W) compared to lower laser power (125 W) due to solidification from higher 
temperatures. This phenomenon is clearly shown and marked with arrows as are visible in Figure 
3.16 (C) and 16(D). PAR oriented to build direction samples revealed a mixture of coarse and fine 
grain microstructure as shown in Figure 3.16 (B), 16(D), and 16(E), but there was no presence of 
elongated grains.  
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Figure 3.16 Microstructures of various laser power with various hatch distances on both parallel and perpendicular to 
build direction are shown (HD: 37 µm P: 125W ET: 80 µs PD: 18 µm) (A) and (B) show the microstructural characteristics 
in PERP and PAR respectively. (C) and (D) show the microstructural characteristics in PERP and PAR (HD: 37µm P: 
175W ET: 80 µs PD: 18 µm), and lastly for (E) and (F) show microstructural characteristics in PAR and PER of (HD: 56 
µm P: 175W ET: 80 µs PD: 18 µm). 

As shown in Figure 3.16 (C), 16(D), and 16(F), the overlapping nature of the melt pool is a 
confirmation of the successful fusion of powder particles and strong bonding within successive 
layers [93]. The planar grains crossed and grew further beyond the weld line. The growth of planar 
grain did not stop at fusion lines. Semicircular shaped weld lines were observed for all the samples 
perpendicular to building direction as in Figure 3.16 (A), 16(C), and 16(D) even in very low 
magnification.  

Most of the pores exhibited a spherical shape and formed due to entrapment of gas bubbles 
during solidification from high temperatures in the L-PBF process [94]. The spherical gas bubbles 
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were found to be randomly distributed within individual melt pools, and elongated larger defects 
were preferentially seemed to form between melt pools corresponding to two successive layers, as 
shown in Figure 3.16 (E). These elongated defects have appeared more on samples built 
perpendicularly to build direction than samples built parallel to build direction. Unmelted SS316L 
powders particles might be the reason associated with these defects. In detail, instability of the 
melt pool due to thermocapillary phenomena [81], or the lack of proper wetting of the melt pool on 
the material that had been previously solidified [98] was responsible for the formation of these 
larger defects. Hence, sufficient remelting of the previous layers is mandatory to produce a clean 
surface upon solidification. The absence of such sufficient remelting, as well as unmelted powder 
particles, contributed to a large number of elongated defects on the samples perpendicularly built 
to build direction.     
 

4. Conclusions 
The methodology of two levels presented in this work leads to the selection of appropriate 

SLM process parameters, useful for the improvement of surface quality and mechanical properties, 
microstructure characterization. 
 
● The microstructural analysis of the samples allowed establishing a set of optimized L-PBF 

process parameters. This qualitative analysis threw that the best weldability was obtained at 
high values of LED by the combination of the PD = 18 µm, ET = 80 µs and P =175 W resulting 
in 9.33J/mm of LED. The laser power showed a high impact on the consolidation of the samples. 
Elongated grains were even coarser in samples that correspond to the highest Power, P = 175 
W, than compared to the lower Power, P = 125 W due to solidification from higher temperatures. 
A clear effect is seen in the overlapping of the melt pool, which is an indicator of successful fusion 
of powder particles and strong bonding within successive layers. 
• Another indicator of the parameter’s optimization is observed in the surface quality found 
in the PERP surfaces. PERP surfaces with LED of 9.33 J/mm with different HD overlapping 
produced the lowest values of Ra. The best Roughness (Ra) value was 5.433 µm (PERP oriented 
surface), and the sample was fabricated with the following parameters P=175W, ET=80 µs, 
PD=18 µm, HD= 37µm.  
• Nanoindentation results were related with the crystallographic orientations of the grains. 
The highest values of Hardness and Modulus of Elasticity were 229.7 GPa and 4.59 GPa 
respectively for the sample with P=125W, ET=80 µs, PD=18 µm, HD = 37 µm with the closely 
oriented grains in <111> and <101> with an average grain size of 11.36 µm for PAR orientation.  
• Based on the EBSD results, it can be determined that the best mechanical properties are 
found in normal loads applied to the manufacturing directions (PAR surface), therefore, if it is 
sought to apply this to an application, it is necessary that the part be oriented in favor of that 
crystallographic region. 
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From the previous methodology a range of parameters with good mechanical properties and 
roughness can be obtained. Further studies should be made on the interaction between layers and 
how the microstructure changes through the part and compared with density and porosity.  

 

Abbreviations 
 
AM   Additive manufacturing 
CAD  computer-aided design 
CI            Confidence Index 
CW          continuous pulse 
EDM       Electrical Discharge Machining 
EBM.      Electron Beam Melting 
EBP        Electron Backscatter Pattern 
EBSD     Electron Backscatter Diffraction 
FCC        face-centered cubic 
FV           Focus Variation 
LED        linear energy density 
L-PBF laser powder bed fusion 
PAR         orientation parallel to the build direction 
PERP       orientation perpendicular to the build direction 
ppm   parts per million 
PWM        pulse width modulated 
SLM  Selective Laser Melting 
STL   Standard Tessellation Language 
VED  volumetric energy density 
 

Nomenclature 
ET      Exposure Time 
HD   Hatch Distance 
L       number of layers 
LT     Layer thickness 
P       laser power 
PD       Point Distance 
vs            laser scanning speed 
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Chapter 3 Overall Conclusions 

As a product of this work, an integral approach of the LPBF technology, commercially named as 
SLM has been presented where the following results contribute to the literature and the industry 
to have a better standardization and documentation of all internal y external variables of this 
manufacturing process. 

− UPLCI has been implemented on the SLM manufacturing process by using the calculation of
the energy consumed through the process, and the mass and the inert gas losses. The energy was
divided for its analysis in active, idle, and basic energies, and later analyzed in the different
stages of the process.

− A Process guideline for the improvement of surface integrity and mechanical properties for
SLM with different characterization methods contributes to the analysis of the different
responses of the process by changing various parameters. An optimized range of parameters was
developed for the following materials SS316L, SS174PH, TI6ALV4.

A few medical applications were validated and improved with the previous results where process 
Chains for the Fabrication of three customized implants were proposed. All the cases of study in 
this work were presented to treat osteosarcoma cancer: Cranial, Tibia, Mandible and Humerus, 
and medical devices were also optimized by using lattice structures, topology optimization, and 
weight reduction.
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Under the concept of "Industry 4.0", production processes will be pushed to be increasingly interconnected, 
information based on a real time basis and, necessarily, much more efficient. In this context, capacity optimization
goes beyond the traditional aim of capacity maximization, contributing also for organization’s profitability and value. 
Indeed, lean management and continuous improvement approaches suggest capacity optimization instead of 
maximization. The study of capacity optimization and costing models is an important research topic that deserves
contributions from both the practical and theoretical perspectives. This paper presents and discusses a mathematical
model for capacity management based on different costing models (ABC and TDABC). A generic model has been
developed and it was used to analyze idle capacity and to design strategies towards the maximization of organization’s
value. The trade-off capacity maximization vs operational efficiency is highlighted and it is shown that capacity
optimization might hide operational inefficiency. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the Manufacturing Engineering Society International Conference 
2017. 

Keywords: Cost Models; ABC; TDABC; Capacity Management; Idle Capacity; Operational Efficiency 

1. Introduction

The cost of idle capacity is a fundamental information for companies and their management of extreme importance
in modern production systems. In general, it is defined as unused capacity or production potential and can be measured
in several ways: tons of production, available hours of manufacturing, etc. The management of the idle capacity

Procedia Manufacturing 26 (2018) 973–982

2351-9789 © 2018 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of the scientific committee of the 46th SME North American Manufacturing Research Conference.
10.1016/j.promfg.2018.07.125

10.1016/j.promfg.2018.07.125 2351-9789

© 2018 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of the scientific committee of the 46th SME North American Manufacturing Research Conference.

Available online at www.sciencedirect.com

ScienceDirect
Procedia Manufacturing 00 (2018) 000–000

www.elsevier.com/locate/procedia

2351-9789 © 2018 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of the scientific committee of NAMRI/SME.

46th SME North American Manufacturing Research Conference, NAMRC 46, Texas, USA

Process planning guidelines in selective laser melting for the
manufacturing of stainless steel parts

Erick Ramirez-Cedillo1,4, Jesús A. Sandoval-Robles1,4, Leopoldo Ruiz-Huerta2,4, Alberto Caballero-
Ruiz2,4, Ciro A. Rodriguez1,4, and Hector R. Siller3,4*

1Tecnológico de Monterrey, Av. Eugenio Garza Sada #2501 Sur, Monterrey, N.L. 64849, Mexico
2Centro de Ciencias Aplicadas y Desarrollo Tecnológico (CCADET)

Universidad Nacional Autónoma de México (UNAM)
Circuito Exterior S/N, Ciudad Universitaria AP 70-186, C.P. 04510, Ciudad de México, México

3Department of Engineering Technology, University of North Texas. Denton Tx., 76207, United States of America
4Laboratorio Nacional de Manufactura Aditiva, Digitalización 3D y Tomografía Computarizada (MADiT), México

* Corresponding author. Tel.: +1.940.565.2362 
E-mail address: Hector.Siller@unt.edu

Abstract
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Parts were obtained with good surface quality, presenting stable and well-defined weld lines and low presence of partially sintered
particles adhered to the surface. After the application of the methodology, top and lateral surface roughness were improved,
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ultimate tensile strength and 400 MPa of yield stress, comparable to the properties of sintered stainless steels alloys studied in
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1. Introduction

Powder bed fusion technologies such selective laser
melting (SLM), are nowadays used in a variety of 
applications for the manufacturing of metallic 
components, to tailor particular needs in biomedical 
devices and other applications requiring high degrees 
of customization [1,2]. Manufacturing processes of 
these components have to be highly controlled, 
especially at the post-processing steps, in order to 
achieve the suitable surface conditions for such 
applications. Depending on the component and its 
application, the desired surface roughness may differ. 
For example, surgical instruments, hip, ankle and 
shoulder joints require a smooth surface; while for 
prosthetic components that require osseointegration 
like pins, implants, and screws, surfaces must have 
customized properties [3]. Regarding the Additive 
Manufacturing technologies, several process 
parameters can be modified to improve the roughness 
of the final part, achieving acceptable values to 
minimize the post-processing. 

The research work to date is extensive and covers 
several aspects like process parameters calibration and 
optimization, laser scanning strategies, materials 

characterization, mechanical properties testing, 
powder modification, among others. However, the 
industrial users of this technology are still skeptical 
about the general performance of additively 
manufactured components.  

Many researchers have presented studies of the 
correlation between parameters with microstructure or 
mechanical properties [4], aspects like the effects of 
the alloy during the process [5], and the use of re-
melting layers [6]. For example, Sun et al. obtained a 
parameters optimization using the Taguchi method and 
regression analysis. They found that most significant 
factors for the process could be classified in this order: 
powder thickness > scanning strategy > linear energy 
density > hatching distance [7]. Hong et al. made its 
analysis of the impact of processing parameters on 
surface roughness, using a single line test. They 
analyzed hatch distance (HD), point distance (PD), and 
exposure time (ET), and found that by reducing the 
laser power and increasing scan rate, balling effect was 
avoided [8]. K. Abd-Elghany and D.L. Bourell studied 
the impact of the scanning speed and the layer 
thickness on the surface roughness. They used cubic 
samples, and found porosity and under melted areas in 
large layer thicknesses [9]. Liverani et al. worked with 
different laser power, scan speed, hatching and tilt 
angles, and found optimized parameters by iterations, 
and by further mechanical testing and microstructure 
characterization [10]. 

Zhang et al. studied the mechanical properties of 
SLM of stainless steel. They found that with a 
combination of HD of 80 μm, a laser speed of 0.3 m/s 
and a specific energy of 6.67 × 104 J/m2, the 
mechanical behavior of stainless steel exhibited a good 
tensile strength of between 501.1 and 547.6 MPa [11]. 
Other researchers found that with a layer thickness of 
50 μm, a laser power of 100 W, and a laser speed of 
0.3 m/s, 625 MPa of ultimate tensile strength and 525-
547 of yield strength can be obtained [12]. 

According to the literature reviewed, the most 
important effects related with product integrity and 
surface quality are the following: 
 Balling effect and agglomeration of particles on 

the top surface. 
 Voids or distortion of the weld lines, due to the 

excess of temperature in a specific area. 
 Porosity related with under melting or high values 

of HD. 
This work aims to present a set of guidelines for the 

process planning of selective laser melting, and to 
provide quality assessment, which could be used for 

    Nomenclature 
AM Additive Manufacturing 
B Border 
BC Beam Compensation 
BD Border Distance 
DS Downskin 
E Energy Density 
ET Exposure Time 
FC Fill Contour 
FCD Fill Contour Distance 
FCO 
HD 

Fill Contour Offset 
Hatch Distance 

HO Hatch Offset 
L Layers 
LT Layer Thickness 
PD Point Distance  
Q Specific Energy 
M Meander 
NE Number of Exposures 
SLM Selective Laser Melting 
STL STL file format 
US Upskin 
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the evaluation of the full adoption of this technology 
for rapid fabrication of personalized stainless steel 
devices. 

2. Methodology

2.1. Experimental set-up 

For this experimental trial, we used powder bed 
laser fusion, specifically Selective Laser Melting. The 
system (Renishaw AM400, UK) allows the 
manufacture of metal parts within a volume of 250 × 
250 × 300 mm. The radiation source was a laser Yb-
fiber with a maximum power P= 400 W, a wavelength 
of λ= 1075 nm and a spot size calibrated at d= 75 μm. 
The powder used was austenitic stainless steel 
(designation SS 316L-0410, Renishaw-United 
Kingdom) with the following composition: Fe (Bal), 
Cr (16-18%), Ni (10-14%), Mo (2-3%), Mn (<2%), Si 
N (<0.1%), O (<0.1%), P (0.045%), C (0.03%), S 
(0.03%). The average particle size was 45±15 µm and 
the working layer thickness (LT) was 50 µm. 

The procedure of parameters selection is 
graphically represented in Fig 1. This diagram is 
divided into three groups of activities: (1) design of 
experiments, (2) samples fabrication, (3) 
characterization and selection of parameters. Each 
stage will be explained across the following sub-
sections. 

At Activity 1, the design of experiments was 
structured to get lower surface roughness values for 
diminishing post-processing operations. In this regard, 
170W of laser power was fixed as a setting point, 
according to the optimal parameters of other 
researchers, who found the laser power in a range of 
150 - 175W, to avoid porosity and to exhibit higher 
mechanical properties [10,13,14]. 

2.2 Samples design 

Samples were designed using SolidWorks 
(SolidWorks, Dassault Systems SolidWorks 
Corporation, USA). In the first group of test pieces, 
named Build 1, squared parts of 15 × 15 mm and 75 
µm of thickness were used, in an array of 6 × 6 with a 
separation of 15 mm × 15 mm. For Builds 2 to Build 
4, bullet shaped cylinders were fabricated, for 
allowing easy removal from the build plate. The 
bullets designs have diameter of 15 mm and different 
heights: 22 mm for Build 2 (array: 6 × 5) and Build 3 
(array: 1 × 4), and 13 mm for Build 4 (array: 9 × 6).  

2.3 Experimental design 

The parameters combinations were settled taking 
into account the boundaries imposed by the powder 
size and the range of possible values in the melting 
process.  

At Activity 2, the set of geometries explained before 
was fabricated by varying process parameters, and 
edited in QuantAM 3.4.0. software (Renishaw-United 
Kingdom). The fabrication of samples was grouped by 
using the four Build geometries and by relating them 
with a particular process-planning feature: (1) weld 
lines, (2) bulk hatching, (3) side superficial 
characteristics, and (4) volume areas with some angle. 
After the melting process, the samples were removed 
from the building plate and were brought to a cleaning 
process. All samples were washed in ultrasonic bath 
for 10 minutes in distilled water, 10 minutes in acetone 
and dried.  

During the Activity 3, two characterization types 
were needed for establishing the most appropriate set 
of parameters: morphological characterization and 
surface topography measurement.  

2.4 Morphological characterization 

During morphological characterization, the 
samples were visually inspected in order to discard 
samples that did not accomplish the appropriate weld 
lines or bulk construction. Qualitative analysis was 
performed using a SteREO Discovery V8 microscope 
equipped with a CCD camera AxioCam (Carl Zeiss 
Micro imaging GmbH, Jena, Germany), using LM 
Image Manager (Leica Microsystems), and 
AxioVision 4.5 software (Carl Zeiss). Additionally, 
the morphology was analyzed by using an EVO MA25 
ZEISS Scanning Electron Microscope (Zeiss, Jena, 
Germany) with an accelerating voltage of 20 kV and 
high vacuum.  

2.5 Surface topography measurement 

The surface roughness (Ra) was measured in three 
areas of Builds 1 to 4. The average surface roughness 
(Ra) measurements were performed using the ISO 
4287 standard with a non-contact 3D profilometer 
(Alicona Infinite Focus microscope, IFM G4), with 
20x of magnification, vertical resolution of 50 μm, 
lateral resolution of 3.5 μm and cut-off length of 2500 
µm.  
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devices and other applications requiring high degrees
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like pins, implants, and screws, surfaces must have
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parameters can be modified to improve the roughness
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The research work to date is extensive and covers
several aspects like process parameters calibration and
optimization, laser scanning strategies, materials

characterization, mechanical properties testing,
powder modification, among others. However, the 
industrial users of this technology are still skeptical 
about the general performance of additively
manufactured components.

Many researchers have presented studies of the
correlation between parameters with microstructure or
mechanical properties [4], aspects like the effects of
the alloy during the process [5], and the use of re-
melting layers [6]. For example, Sun et al. obtained a 
parameters optimization using the Taguchi method and
regression analysis. They found that most significant 
factors for the process could be classified in this order:
powder thickness > scanning strategy > linear energy
density > hatching distance [7]. Hong et al. made its
analysis of the impact of processing parameters on
surface roughness, using a single line test. They
analyzed hatch distance (HD), point distance (PD), and
exposure time (ET), and found that by reducing the
laser power and increasing scan rate, balling effect was
avoided [8]. K. Abd-Elghany and D.L. Bourell studied
the impact of the scanning speed and the layer
thickness on the surface roughness. They used cubic
samples, and found porosity and under melted areas in
large layer thicknesses [9]. Liverani et al. worked with
different laser power, scan speed, hatching and tilt
angles, and found optimized parameters by iterations,
and by further mechanical testing and microstructure 
characterization [10].

Zhang et al. studied the mechanical properties of
SLM of stainless steel. They found that with a 
combination of HD of 80 μm, a laser speed of 0.3 m/s
and a specific energy of 6.67 × 104 J/m2, the
mechanical behavior of stainless steel exhibited a good 
tensile strength of between 501.1 and 547.6 MPa [11]. 
Other researchers found that with a layer thickness of 
50 μm, a laser power of 100 W, and a laser speed of
0.3 m/s, 625 MPa of ultimate tensile strength and 525-
547 of yield strength can be obtained [12].

According to the literature reviewed, the most
important effects related with product integrity and
surface quality are the following:
 Balling effect and agglomeration of particles on

the top surface.
 Voids or distortion of the weld lines, due to the

excess of temperature in a specific area.
 Porosity related with under melting or high values

of HD.
This work aims to present a set of guidelines for the

process planning of selective laser melting, and to
provide quality assessment, which could be used for

Nomenclature
AM Additive Manufacturing
B Border
BC Beam Compensation
BD Border Distance
DS Downskin
E Energy Density
ET Exposure Time
FC Fill Contour
FCD Fill Contour Distance
FCO
HD

Fill Contour Offset
Hatch Distance

HO Hatch Offset
L Layers
LT Layer Thickness
PD Point Distance
Q Specific Energy
M Meander
NE Number of Exposures
SLM Selective Laser Melting
STL STL file format
US Upskin
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2.6 Procedure details 

a) On Build 1 (weld lines and squared parts),
continuous and uniform weld lines are the criteria for 
parameters selection. For this experiment, two 
parameters were modified in the fabrication of simple 
geometries. The selected parameters were the ones 
that influenced the creation of a weld line: PD and ET. 
The PD is the distance between each pulse of the laser 
that sinters the material (Fig. 1-A), and was varied in 
a range from 20 to 120 μm. The ET represents how 
long the pulse is maintained in a point, and the range 
was varied from 20 to 120 μs (Fig. 1-B). Both 
parameters were varied in steps of 20, and Thirty-six 
samples were fabricated. With these two parameters, 
the specific energy dissipated in the powder layer can 
be calculated as follows: 

𝑄𝑄 = 𝑃𝑃 ∙ ET
𝑃𝑃𝑃𝑃 ∙ 𝐿𝐿𝐿𝐿 Eq. (1) 

where the Specific energy (Q) is given in  J m2⁄ ;
P is the power used in W; 
ET is the exposure time and is given in seconds; 
and PD and LT are given in meters. 

For the characterization of weld lines, a qualitative 
analysis was performed to the samples by visual 
inspection. Parameters were selected according to the 
following criteria: (i) continuous weld lines, (ii) well-
defined corners, and (iii) samples without 
accumulation of particles by the excess of temperature 
or lower powder sintering. The top 5 parameters were 
used for the next Build. 

b) However, in agreement with the literature, with
high values of HD, porosity may appear and may 
affect part integrity [16] (Fig. 1-D). Accordingly, HD 
values were varied in a range between 0.60 to 0.16 
mm, in intervals of 0.2 mm in Build 2. With this 
parameter, energy density (E) applied to the sintered 
volume can be calculated by the following equation: 

𝐸𝐸 = 𝑄𝑄
𝐻𝐻𝐻𝐻   Eq. (2) 

where the Energy density (E) is given in 𝐺𝐺𝐺𝐺
𝑚𝑚3. 

The selection of the bulk hatching was made by a 
qualitative analysis using the following criteria: (i) 
over melted bulk, (ii) under melted bulk, and (iii) 
particles not melted over the top surface. 

c) Build 3 was fabricated to have an improvement
of the lateral surface roughness by using a number of 

borders (B) and fill contours (FC). Borders are weld 
lines on the outside of the bulk hatching. The beam 
compensation (BC) was established at 0.0225 mm, 
which is distance between the digital file boundary 
(STL file) and B. Border distance (BD), the separation 
between the hatching lines and the B, was defined at 
0.06 mm. The fill contour distance (FCD) is the 
distance between FCs, and it was set at 0.06 mm. Fill 
contour offset (FCO) is the distance between the first 
B and the last FC, and it was set at 0.06 mm. On the 
other hand, FCs were programmed to be inside the 
hatching volume and at the half of the distance 
between the FC and the outside B (Fig 1-E). 

Surface roughness (Ra) was measured on the lateral 
surfaces of the samples. The parameters of bulk 
hatching, with different quantities of B and FC were 
selected by the lower Ra.  

d) For the last set of experiments Build 4, two
different scanning strategies were used: meander (M) 
and stripes (S) (Figure 1-G). In addition, two 
QuantAm proprietary configurations, upskin (US) and 
downskin (DS) were added to the fabrication 
parameters, and several power values were used for a 
re-melting mode (P=130, 150, and 170W), to reduce 
the marks produced by the overlapping of the scan 
paths and weld lines. The upskin and downskin 
parameters were set in a range of 0-2 exposures (NE) 
and 1-3 layers (L) of re-melting. These are layers 
without power dosing, and consequently the layer 
could be re-melted, improving the final roughness in 
these surfaces. The hatch offset (HO) was defined as 
0.03 mm (Fig 1-F). Roughness (Ra) was measured on 
the top and lateral surface of the samples. Top 
parameters were selected as the ones that improve part 
quality. 

2.7 Tensile test 

For the analysis of mechanical strength of the 
specimens fabricated, five samples were taken with a 
width range of 6.81-6.82 mm and a thickness range of 
6.31-6.34 mm. Samples were then vertically mounted 
between the mechanical grippers of a universal testing 
machine (AGS-X 100kN, Shimadzu Co., Kyoto, 
Japan). According to the standard for metal tensile test 
ASTM-E8, the test speed was set at 2.7 mm/min for 
all of the tested specimens.  
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Figure 1. Graphical representation of parameters selection procedure for SLM process. A) Schematics of PD parameter variation, B) 3D view of 
laser spot and its ET, C) Schematics of the Hatch Distance (HD), D) Porosity related with a large HD, E) Schematics of Borders (B) and Fill 
Contour (FC) parameters and F) Schematics of the relationship of downskin and upskin configurations, G) Stripes and meander laser pattern.
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2.6 Procedure details

a) On Build 1 (weld lines and squared parts), 
continuous and uniform weld lines are the criteria for
parameters selection. For this experiment, two
parameters were modified in the fabrication of simple
geometries. The selected parameters were the ones
that influenced the creation of a weld line: PD and ET. 
The PD is the distance between each pulse of the laser
that sinters the material (Fig. 1-A), and was varied in
a range from 20 to 120 μm. The ET represents how
long the pulse is maintained in a point, and the range
was varied from 20 to 120 μs (Fig. 1-B). Both 
parameters were varied in steps of 20, and Thirty-six
samples were fabricated. With these two parameters,
the specific energy dissipated in the powder layer can
be calculated as follows:

𝑄𝑄 = 𝑃𝑃 ∙ ET
𝑃𝑃𝑃𝑃 ∙ 𝐿𝐿𝐿𝐿 Eq. (1)

where the Specific energy (Q) is given in  J m2⁄ ;
P is the power used in W;
ET is the exposure time and is given in seconds;
and PD and LT are given in meters.

For the characterization of weld lines, a qualitative
analysis was performed to the samples by visual
inspection. Parameters were selected according to the
following criteria: (i) continuous weld lines, (ii) well-
defined corners, and (iii) samples without
accumulation of particles by the excess of temperature
or lower powder sintering. The top 5 parameters were
used for the next Build.

b) However, in agreement with the literature, with
high values of HD, porosity may appear and may 
affect part integrity [16] (Fig. 1-D). Accordingly, HD
values were varied in a range between 0.60 to 0.16
mm, in intervals of 0.2 mm in Build 2. With this
parameter, energy density (E) applied to the sintered
volume can be calculated by the following equation:

𝐸𝐸 = 𝑄𝑄
𝐻𝐻𝐻𝐻 Eq. (2)

where the Energy density (E) is given in 𝐺𝐺𝐺𝐺
𝑚𝑚3.

The selection of the bulk hatching was made by a
qualitative analysis using the following criteria: (i)
over melted bulk, (ii) under melted bulk, and (iii) 
particles not melted over the top surface.

c) Build 3 was fabricated to have an improvement
of the lateral surface roughness by using a number of

borders (B) and fill contours (FC). Borders are weld
lines on the outside of the bulk hatching. The beam
compensation (BC) was established at 0.0225 mm,
which is distance between the digital file boundary
(STL file) and B. Border distance (BD), the separation
between the hatching lines and the B, was defined at
0.06 mm. The fill contour distance (FCD) is the
distance between FCs, and it was set at 0.06 mm. Fill
contour offset (FCO) is the distance between the first
B and the last FC, and it was set at 0.06 mm. On the
other hand, FCs were programmed to be inside the
hatching volume and at the half of the distance
between the FC and the outside B (Fig 1-E).

Surface roughness (Ra) was measured on the lateral
surfaces of the samples. The parameters of bulk
hatching, with different quantities of B and FC were
selected by the lower Ra.

d) For the last set of experiments Build 4, two
different scanning strategies were used: meander (M) 
and stripes (S) (Figure 1-G). In addition, two
QuantAm proprietary configurations, upskin (US) and
downskin (DS) were added to the fabrication
parameters, and several power values were used for a 
re-melting mode (P=130, 150, and 170W), to reduce
the marks produced by the overlapping of the scan 
paths and weld lines. The upskin and downskin 
parameters were set in a range of 0-2 exposures (NE) 
and 1-3 layers (L) of re-melting. These are layers
without power dosing, and consequently the layer
could be re-melted, improving the final roughness in
these surfaces. The hatch offset (HO) was defined as
0.03 mm (Fig 1-F). Roughness (Ra) was measured on
the top and lateral surface of the samples. Top
parameters were selected as the ones that improve part 
quality.

2.7 Tensile test

For the analysis of mechanical strength of the
specimens fabricated, five samples were taken with a
width range of 6.81-6.82 mm and a thickness range of
6.31-6.34 mm. Samples were then vertically mounted
between the mechanical grippers of a universal testing
machine (AGS-X 100kN, Shimadzu Co., Kyoto,
Japan). According to the standard for metal tensile test
ASTM-E8, the test speed was set at 2.7 mm/min for
all of the tested specimens.
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3. Results and discussion

After the execution of the methodology described 
above, the experimental outcomes are explained, 
taking special attention in the description of the 
proposed stages, and explaining the characterization 
results of the fabricated Builds. 

3.1 Morphological characterization 

At Build 1, thick squares were fabricated 
considering the PD and ET values shown in Table 1. 
With Eq. (1), Specific energy (Q) was calculated 
(Table 1). In gray, the parameters selected from the 
criteria of visual inspection are presented.  

Table 1. Specific energy, Q (J/m2) for the fabricated 
samples of the first build. Selected combination of 
parameters is marked in gray. 

ET (µs) 
PD (µm) 

20 40 60 80 100 120 
20 3.4 1.7 1.13 0.85 0.68 0.57 
40 6.8 3.4 2.27 1.7 1.36 1.13 
60 10.2 5.1 3.4 2.55 2.04 1.7 
80 13.6 6.8 4.53 3.4 2.73 2.27 
100 17 8.5 5.67 4.25 3.4 2.83 
120 20.4 10.2 6.8 5.1 4.08 3.4 

Fig 2. shows how the criteria were followed for the 
selection of the top parameters. No continuous weld 
line was presented in Figure 2-A where the energy was 
insufficient to melt the powder. Another important 
factor is to obtain precise geometries, so the corners 
should be well defined, contrary as in Figure 2-B, in 
which several defects are noticed. This phenomenon is 
related to the viscosity of the weld line and to the 
excess of specific energy over the building platform. 
An over-melted weld line can be observed in Figure 2-
C, where more Q is occurring given a PD at its highest 
value. With lower levels of PD and ET, good uniform 
weld lines can be obtained as shown in Figure 2-D. 
This outcome agreed literature results, where was 
found that PD has a more important effect in 
roughness than ET [17]. 

The relationship between the estimated Q and laser 
speeds was stable in a range of 0.59-1.69 m/s, with 
similar behavior as reported in literature [16]. Our 
study was also consistent with the work of Khairallah 
and Anderson, who proved that with lower speeds, the 
melt surface is much smoother than with higher speeds 
[18,19]. In addition, lower laser speeds require higher 

specific energy, with effect on the surface tension that 
binds the melted particles and forms a smoother 
surface. This effect increases the contact with the 
building platform where heat transfer is faster, and 
cools the melted weld lines avoiding balling [18]. 

Figure 2. Weld lines. A)  ET: 100 µs PD: 60 µm No continuous 
weld lines, B) ET: 60 μs, PD: 20μm. Not uniform corners. C) ET: 

120 μs, PD: 120 μm. Over melted weld lines. D) ET: 20 μs, PD: 40 
μm Uniform weld line.

The main parameter for Build 2 (HD) was varied as 
explained in the section 2.6, and Energy density was 
calculated with Eq. (2) as it is shown in Table 2. The 
best three combinations of parameters were selected 
(highlighted in gray), according to criteria for the stage 
of morphology characterization and roughness 
measurements explained before. 

An under melted bulk with high amount of porosity 
is presented in Figure 3-A, where some particles are 
partially melted producing voids, due to a mismatch of 
the melt pool width and the higher hatch space, in 
agreement with the literature [20]. 

When a sample is over melted, a different shade and 
irregularities on the surface can be observed, which 
have been produced by the reflection of the particles 
on the surface (Fig 3-B). Some samples presented non-
melted particles attached on the top surface (balling 
effect), as indicated with circles in Fig. 3-C. Finally, 
the test sample that presented the best surface 
morphology with uniform weld lines was obtained by 
using the next set of parameters: PD=20 μm, ET= 20 
μs, and HD= 0.06 mm (Fig. 3-D).  
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Table 2. Energy density (GJ/m3) for the fabricated 
samples of the Build 2. Selected combination of 
parameters is marked in gray.  
ET (μs) PD (μm) 

HD (mm) 
0.06 0.08 0.10 0.12 0.14 0.16 

20 20 56.67 42.5 34 28.33 24.29 21.25 
20 40 28.33 21.25 17 14.17 12.14 10.62 
40 60 37.78 28.33 22.67 18.89 16.19 14.17 
80 80 56.67 42.5 34 28.33 24.28 21.25 
40 120 18.89 14.17 11.33 9.44 8.1 7.08 

From table 2, the combinations of parameters 
highlighted in gray presented a top surface without 
defects and smooth topography. When characterizing 
with SEM to provide redundancy, voids and balling 
effect were visible in figures 4-B and 4C respectively. 
In Fig. 4-C, different scales of gray can be observed, 
those are related with the excess of temperature on the 
top surface, in addition to distortion of the weld lines 
and holes. The best resultant surface quality can be 
seen in Fig. 4-D, in which well-defined weld lines can 
be observed, as a result of the process calibration for 
Build 2. It can be observed that an increase of HD leads 
to porosity due to the separation between weld lines 
(Fig 4-E). 

3.2 Surface topography characterization 

Build 2 surface roughness (Ra) was measured on 
top and lateral surfaces of the samples with non-
contact 3D profilometry, without additional post-
processing. When modifying HD, geometric 
characteristics of the weld lines were also modified 
and as result surface topography was different. From 
the results shown in Table 3, low values of HD 
resulted in a decreased roughness. Decreasing HD had 
a direct influence in changes of thermo-physical 
conditions of the process where the laser interacts with 
the powder, the substrate, and the previous weld line.  

Build 3 was fabricated to have an improvement of 
the lateral surface roughness by setting border (B) and 
fill contour (FC) options, in combination with the best 
PD, ET and HD parameters found for the previous 
Builds. The set of experiments consisted in a variation 
of 1 to 2 for (B) values and 1 to 2 for (FC) values. 

Figure 3. Bulk hatching A) ET: 40 μs, PD: 60 μm, HD: 0.12 mm 
Under melted bulk. B) ET: 40 μs PD: 120 μm HD: 0.06 mm.  Over 
melted bulk, C) ET: 80 μs PD: 80 μm HD: 0.16 mm. Particles not 
melted over the top surface, D) ET: 20 s PD: 20 HD: 0.06 mm 

Very uniform weld line. 

Table 3. Roughness Ra (μm) on the top and side 
surfaces for Build 2. 

Sample ET (μs) PD (μm) HD (mm) Ra [Top] (μm) Ra [Side] (μm) 

1 20 20 0.06 7.5 16.7 
2 20 40 0.06 9.29 22.24 
6 80 80 0.06 7.7 15.73 

From the results of surface roughness measurement 
of Build 3, the lowest values were Ra=10.65 μm and 
9.61 μm, with the variation of 1B and 1FC, 2B and 
2FC respectively. Both sets of B/FC were obtained by 
using the bulk parameters from Build 2 (higher values 
for PD and ET). The relationship between B and FC 
levels and the response (surface roughness) was not 
statistically significant after an Analysis of Variances, 
so it can be inferred that just by adding borders and fill 
contours the surface quality will be improved, 
independently to the programmed value of these 
variables.    

For Build 4, parameters with a lower Ra (NE, P and 
L combinations) are presented in Figure 5. The top 
parameters for this Build were the set for top surface 
parameters of weld lines from Build 1, with the lateral 
surface parameters obtained from Build 2, and the 
parameters 2B-2FC from Build 3. PD, ET and HD 
values were fixed in order to provide an assessment of 
the variability of the results with the set of most 
significant parameters. 

/ Procedia Manufacturing 00 (2018) 000–000 6

3. Results and discussion

After the execution of the methodology described
above, the experimental outcomes are explained,
taking special attention in the description of the
proposed stages, and explaining the characterization
results of the fabricated Builds.

3.1 Morphological characterization

At Build 1, thick squares were fabricated
considering the PD and ET values shown in Table 1.
With Eq. (1), Specific energy (Q) was calculated
(Table 1). In gray, the parameters selected from the
criteria of visual inspection are presented.

Table 1. Specific energy, Q (J/m2) for the fabricated
samples of the first build. Selected combination of
parameters is marked in gray.

ET (µs)
PD (µm)

20 40 60 80 100 120
20 3.4 1.7 1.13 0.85 0.68 0.57
40 6.8 3.4 2.27 1.7 1.36 1.13
60 10.2 5.1 3.4 2.55 2.04 1.7
80 13.6 6.8 4.53 3.4 2.73 2.27
100 17 8.5 5.67 4.25 3.4 2.83
120 20.4 10.2 6.8 5.1 4.08 3.4

Fig 2. shows how the criteria were followed for the
selection of the top parameters. No continuous weld
line was presented in Figure 2-A where the energy was
insufficient to melt the powder. Another important
factor is to obtain precise geometries, so the corners
should be well defined, contrary as in Figure 2-B, in
which several defects are noticed. This phenomenon is
related to the viscosity of the weld line and to the
excess of specific energy over the building platform.
An over-melted weld line can be observed in Figure 2-
C, where more Q is occurring given a PD at its highest
value. With lower levels of PD and ET, good uniform
weld lines can be obtained as shown in Figure 2-D.
This outcome agreed literature results, where was
found that PD has a more important effect in
roughness than ET [17].

The relationship between the estimated Q and laser
speeds was stable in a range of 0.59-1.69 m/s, with 
similar behavior as reported in literature [16]. Our
study was also consistent with the work of Khairallah
and Anderson, who proved that with lower speeds, the 
melt surface is much smoother than with higher speeds
[18,19]. In addition, lower laser speeds require higher

specific energy, with effect on the surface tension that
binds the melted particles and forms a smoother
surface. This effect increases the contact with the
building platform where heat transfer is faster, and
cools the melted weld lines avoiding balling [18].

Figure 2. Weld lines. A) ET: 100 µs PD: 60 µm No continuous
weld lines, B) ET: 60 μs, PD: 20μm. Not uniform corners. C) ET: 

120 μs, PD: 120 μm. Over melted weld lines. D) ET: 20 μs, PD: 40
μm Uniform weld line.

The main parameter for Build 2 (HD) was varied as
explained in the section 2.6, and Energy density was
calculated with Eq. (2) as it is shown in Table 2. The 
best three combinations of parameters were selected
(highlighted in gray), according to criteria for the stage
of morphology characterization and roughness
measurements explained before.

An under melted bulk with high amount of porosity
is presented in Figure 3-A, where some particles are 
partially melted producing voids, due to a mismatch of
the melt pool width and the higher hatch space, in
agreement with the literature [20].

When a sample is over melted, a different shade and
irregularities on the surface can be observed, which
have been produced by the reflection of the particles
on the surface (Fig 3-B). Some samples presented non-
melted particles attached on the top surface (balling
effect), as indicated with circles in Fig. 3-C. Finally,
the test sample that presented the best surface
morphology with uniform weld lines was obtained by
using the next set of parameters: PD=20 μm, ET= 20
μs, and HD= 0.06 mm (Fig. 3-D).
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In Figure 5, several parameters combinations have 
the lowest surface roughness values, showing slight 
differences among others, but showing an 
improvement in comparison with the surface 
roughness values from Build 2 (Table 3). Fig. 6 shows 
two topographies of the lowest surface roughness 
obtained from Build 4 samples, on the top and lateral 
surfaces of the sample. From Fig. 6A can be observed 
the geometric variation of the surface, of about +/- 30 
m, which is a good descriptor of the flatness that can 
be achieved by this method.  

Figure 5. Build 4 Samples with the lowest values of surface 
roughness, measured on the top surface. 

Figure 6. Surface topography of the selected parameters. A) Top 
surface, B) Lateral surface. 

Figure 4. SEM Micrographs. A) Balling effect and particles concentration (50X). B) Distorted weld lines due the excess of temperature (50X). 
C) Agglomeration of particles, and holes on the top surface (50X). D) Well defined weld lines (150X). E) Lateral view of a sample with

porosity in circles open pores are presented (150X). 
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3.3 Tensile test 

Fig. 7 shows mechanical strength test results of the 
specimens produced by SLM with optimized 
parameters for the lowest roughness on the top and 
lateral surfaces. All specimens presented UTS above 
400 MPa, a yield stress ranging from 390 to 450 MPa 
in close agreement to the values found in literature 
[23]. Due the samples were fabricated with the same 
process parameters, the 33.6 MPa standard deviation 
on the results shows a low reproducibility of the 
experiment due to porosity. Pores are commonly 
found with spherical shapes, and can be formed by 
several reasons: incomplete melting, over melting and 
tension forces acting during the melting process [24].  

Figure 6. Data from tensile test for specimens built with the best 
set of parameters. 

4. Conclusions

The methodology presented in this work leads to
the selection of appropriate SLM process parameters, 
useful for the improvement of surface quality in the 
fabrication of stainless steel mechanical components. 
From this work, these parameters were successfully 
obtained from a design of experiments, which may be 
performed without carrying extensive experimentation 
and by using four testing trials. The approach 
presented here delivered the following tangible 
outcomes: 

 The Build 4 process configurations reached 
appropriate values of Ra: 5.81 μm in the top 
surface and 9.61 μm in the case of the side surface 
of the samples. 

 The scan path itself may explain lower values of 
Ra obtained for the M scan technique. In meander 

technique (M), the laser melts the top surface area 
line by line, fulfilling it; while, for the S scan 
technique, the laser fulfills such area with lines, 
built from smaller lines, which can create a weld 
line patterns in two axes, incrementing the 
roughness.  

 Mechanical tests were made through specimens 
fabricated with these parameters resulting in 
mechanical properties commonly obtained from 
annealed bars obtained by casting. Inconsistency 
on the tests may be due to the inherent porosity 
obtained by the process. The porosity affects the 
stiffness of the material. A decrement on the 
modulus of elasticity can be related to an increase 
on the porosity of the sample. This porosity 
cannot be eliminated, but can be highly 
diminished, especially near the components 
surface. This can be done by modifying the B, BC, 
FD and the FCD parameters, assuring that the 
laser path fulfills the building area. Such 
parameters were tested, and effects on the density 
of the parts will be addressed on future work. 

The results of this work presents guidelines for the 
process planning in SLM operations, however, there is 
the need to test the set of guidelines to other materials 
and building parameters in order to fully contribute in 
the understanding of the process in a real production 
environment. Furthermore, the addition of more 
process parameters like layer thickness modification 
will increase the comprehensiveness of this study 
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In Figure 5, several parameters combinations have
the lowest surface roughness values, showing slight
differences among others, but showing an 
improvement in comparison with the surface
roughness values from Build 2 (Table 3). Fig. 6 shows
two topographies of the lowest surface roughness
obtained from Build 4 samples, on the top and lateral
surfaces of the sample. From Fig. 6A can be observed
the geometric variation of the surface, of about +/- 30 
m, which is a good descriptor of the flatness that can
be achieved by this method.

Figure 5. Build 4 Samples with the lowest values of surface 
roughness, measured on the top surface.

Figure 6. Surface topography of the selected parameters. A) Top
surface, B) Lateral surface.

Figure 4. SEM Micrographs. A) Balling effect and particles concentration (50X). B) Distorted weld lines due the excess of temperature (50X).
C) Agglomeration of particles, and holes on the top surface (50X). D) Well defined weld lines (150X). E) Lateral view of a sample with

porosity in circles open pores are presented (150X).
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Under the concept of "Industry 4.0", production processes will be pushed to be increasingly interconnected, 
information based on a real time basis and, necessarily, much more efficient. In this context, capacity optimization
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1. Introduction
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Abstract

Recent developments in additive manufacturing (AM) have led the way to extraordinary opportunities in the development and 
fabrication of surgical implants due to advantages that AM offers. The study of structural design optimization (SDO) involves 
strategies such as topology optimization (TO), shape optimization, and size optimization to achieve a desired functionality for a 
given set of loads and constraints while optimizing specific qualities such as the structure weight or uniform stress distribution. 
Thus, integration of structural design optimization (SDO) and additive manufacturing (AM) is a powerful way for designing and
fabricating lightweight medical implants that replicate the biomechanical properties of the host bones, and minimize stress shielding
related problems. This study is focused in proposing a setup of a proper methodology for the rapid development of optimized 
surgical implants. A tibia intramedullary implant for an 8-year old osteosarcoma patient is designed and optimized, through TO in 
Abaqus/Tosca, to reduce the weight of the implant and minimize stress shielding related problems. A weight reduction of about 30
% was achieved from structural design optimization. The overall viability of the proposed design concept was validated using 
finite element analysis (FEA), and a stainless steel 316 L prototype was fabricated via SLM. After analysing results, in order to 
address osseointegration it is proposed that lattice structures to be incorporated in future work. In addition to that, there will be
structural modifications for the implant to be able to adjust as the patient grows.
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1. Introduction 

The human knee joint, which is the largest,  most stressed 
and one of the most complex joint in the human body [1], 
consists of: femur, tibia, fibula, patella, cartilages, menisci, 
different ligaments and muscles. Knee arthroplasty is a surgical 
procedure that is used on diseased knee joints for diminishing 
pain or restoring function, and it can be performed as partial or 

total knee replacement [2]. The earliest model of knee implant, 
the Tibial Plateau Prosthesis, was developed in the late 1960s 
by MCKeever [3] and consisted of a single metal component. 
Further improvements of knee prosthesis have been effected by 
important findings such as the introduction of “high- density” 
polyethylene plastic as a bearing surface in 1963, the 
popularization of the use of methyl- methacrylate as a fixation
grout in 1960, and the Federal Drug Administration’s (FDA’s)
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Thus, integration of structural design optimization (SDO) and additive manufacturing (AM) is a powerful way for designing and 
fabricating lightweight medical implants that replicate the biomechanical properties of the host bones, and minimize stress shielding 
related problems. This study is focused in proposing a setup of a proper methodology for the rapid development of optimized 
surgical implants. A tibia intramedullary implant for an 8-year old osteosarcoma patient is designed and optimized, through TO in 
Abaqus/Tosca, to reduce the weight of the implant and minimize stress shielding related problems. A weight reduction of about 30 
% was achieved from structural design optimization.  The overall viability of the proposed design concept was validated using 
finite element analysis (FEA), and a stainless steel 316 L prototype was fabricated via SLM. After analysing results, in order to 
address osseointegration it is proposed that lattice structures to be incorporated in future work. In addition to that, there will be 
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1. Introduction

The human knee joint, which is the largest, most stressed 
and one of the most complex joint in the human body [1],
consists of: femur, tibia, fibula, patella, cartilages, menisci,
different ligaments and muscles. Knee arthroplasty is a surgical 
procedure that is used on diseased knee joints for diminishing 
pain or restoring function, and it can be performed as partial or

total knee replacement [2]. The earliest model of knee implant, 
the Tibial Plateau Prosthesis, was developed in the late 1960s 
by MCKeever [3] and consisted of a single metal component.
Further improvements of knee prosthesis have been effected by 
important findings such as the introduction of “high- density”
polyethylene plastic as a bearing surface in 1963, the 
popularization of the use of methyl- methacrylate as a fixation
grout in 1960, and the Federal Drug Administration’s (FDA’s)
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approval of methyl methacrylate for general use in the United 
States in 1971  [4]. Since 1960 there was a continuous design 
evolution in total knee replacement satisfying new necessities 
[5] such as: anatomic congruence, articulacy, less material wear
cost reduction, and better resistance to weight and stresses.
Today, knee implants have characteristics such as [6]:
increased mobility; multiple components; closer to natural knee 
geometry; reduced wear; different materials and coatings.

The most commonly used metallic biomaterials for bone 
fixation implants are [7,8]: stainless steel (ISO 5832-1), pure 
titanium  (ISO 5832-2) and its alloys, and cobalt-chromium-
based alloys (e.g. CoCrMo). These materials demonstrate an 
adequate combination of [7–9] bio-functionality (e.g. modulus 
of elasticity, strength, ductility, hardness and toughness) and 
biocompatibility (corrosion resistance and cytotoxicity of 
corrosion products). However, there are problems associated 
with the use of metallic implants [10,11] such as a possible 
release of metal ions, inflammatory reactions, possible toxicity, 
and problems related to stress shielding and bone loss.  

Commercial metallic implants are five to six times stiffer 
than bone [10], and when an implant is inserted into a bone 
canal, the loads that before were carried by the bone only, will 
be shared between the implant and the bone. According to 
Wolff’s law the bone adapts in accordance with mechanical 
stress acting upon it. If the loading on the bone increases, the 
bone will remodel itself over time increasing bone mass to 
become stronger, and vice versa [12]. Therefore, when an 
implant is introduced/fixed to the bone, the bone is subjected 
to reduced stresses resulting in significant problems associated 
with stress shielding [11] such as less dense and weaker bone. 
In addition to that, high stiffness of metallic implants may lead 
to cracking issues, loosening or failure of the implant [11]. 
Thus, a lot of work has been continuously done on materials, 
design optimization, and manufacturing processes to find 
adequate approaches to reduce or avoid stress shielding at the 
bone-implant interface. The stiffness of an implant results from 
material properties (modulus of elasticity) and its structural 
design (shape and dimensions) [8]. Attempts have been made 
to produce implants with similar stiffness as bone by using 
plastic or carbon enforced composites instead of metals. 
However, according to Richards and Perren [8]: implants with 
very low material stiffness do not as a rule offer an acceptable 
balance between biological and mechanical advantages. In 
many studies stress shielding phenomena is minimized by 
reducing the equivalent stiffness of metallic implants through 
the use of topology optimization (TO) [11], to create bone 
fixation designs with reduced material volumes.  

Structural design optimization (SDO) methods provide the 
“best” values of system design and operating policy variables 
that will lead to the highest levels of system operating 
performance [13]. Topology optimization (TO), shape 
optimization, and size optimization are three broad categories 
of structural optimization, which focus on different aspects of 
the structure. TO can attain any shape within the design space, 
while shape and size optimization proceed with predefined 
configurations. Gradient-based or non-gradient-based 
mathematical techniques are used to achieve optimization. 
Today, there is a great interest in designing implants using 
topology optimization approach and producing them by AM 

techniques due its complex shape options of fabrication [7]. 
Thus, incorporating AM constraints into SDO techniques has 
drawn increasing attention [14] due to its promising benefits.   

Topology optimization, which refers to the internal member 
configuration of a structure, is the most commonly used 
structural design optimization method. Since its introduction in 
1988 in a seminal paper by  Bendsøe and Kikuchi, TO has 
developed enormously in many different directions, and based 
on literature findings of the last 25 years, the most popular TO 
methods are: (a) Evolutionary based algorithms (EA), (b) Solid 
Isotropic Microstructure with Penalization (SIMP), (c) 
Evolutionary Structural Optimization (ESO), (d) Soft-Kill 
Option (SKO), and (e) Level-set methods (LSMs) [15,16]. In 
biomedical applications TO is used to improve implants [17]. 
The difficulty of solving an optimization problem is related to 
[18] the number of variables present and the mixture of the
variables (discrete, continuous, Boolean). Therefore, the aid of
computational tools become crucial in solving an optimization
problem, which typically involves iteration. The assistance of
finite element analysis is usually required to determine the
satisfaction of constraints in problem solving. Commonly,
topology optimized parts are too complex to be fabricated using 
conventional manufacturing methods. Additive manufacturing
(AM) [19], which represents a class of manufacturing
processes for fabricating parts from digital information by
joining materials usually layer upon layer, provides great
opportunity to fabricate designs that result from TO.

AM of biomaterials [9,20] is making significant progress 
towards numerous biomedical applications due to numerous 
advantages [21,22] that AM offers compared to conventional 
manufacturing such as the ease in which medical imaging data 
can be converted into solid objects; high customizability; 
ability to fabricate highly complex shapes; good dimensional 
accuracy; clean build environment; and less material used. 
Design for Additive Manufacturing (DfAM) [23] has been used 
to take full advantages of the unique capabilities from AM 
processes in creating optimally complex and efficient designs 
featuring intricate geometries, pores, and lattice structures. The 
powder bed fusion (PBF) processes are of particular interest, 
especially for fabrication of metallic medical devices [20]. For 
instance, selective laser melting (SLM) [24] and selective 
electron beam melting (SEBM) [25] have huge potential in 
orthopedic implants [26] and in direct customizable 
manufacturing of metallic cellular scaffolds. Fused deposition 
modeling (FDM) and stereolithography have found many 
applications in manufacturing of polymeric biomaterials. Also, 
due their cost advantages both processes have been used to 
produce biomodels. Bose et al. [20] presented a comprehensive 
review of AM techniques used for fabrication of different 
medical devices and medically relevant materials.  

The main objective of this study is to assess a methodology 
for the improvement and optimization of customized medical 
implants in general. A case study is presented where the 
proposed procedure is applied to design, optimize, and 
fabricate a tibia intramedullary implant for an osteosarcoma 
patient. A schematic representation of the overall process 
followed for development of a customized tibia intramedullary 
implant is presented in Fig.  1 and explained forward.  
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2. Materials and methods

The study was designated into five main stages which are:
data preparation, customized design, structural optimization, 
prototype fabrication, and evaluation and future improvements. 
The data preparation phase involved CT scan data collection 
and data transformation. The transformation of data consisted 
of converting DICOM files into STL files, and furthermore 
STL files into IGES files. Evaluation phase incorporated virtual 
validation and frequent communication between medical team 
and engineering team. Finally, future design improvements 
were provided based on analysis of results and feedback from 
medical team. The next sections contain the explanation in 
more details of the entire processes and procedures used for this 
development. 

2.1. Clinical evaluation 

Case: An 8-year old child who is an osteosarcoma patient, had 
the tumor removed by surgical procedure from the right knee. 
Computed tomography (CT) scan and 3D joint images are 
presented in Fig.  2. The difference between the healthy knee 
and the diseased one is shown in Fig.  2, along with the original 
fixation plate.  The weight of patient is 40 kg, and fixation 
method that will be used for the designed tibia intramedullary 
implant is press fit method.  

a. b. c. d.

Fig.  2 STL images (not to scale) of (a) diseased right knee; (b) healthy left 
knee; (c) fixation plate; (d) original fixation assembly. 

2.2. Imaging and scanning 

After receiving a complete description about the case study 
and identifying objectives with medical team, data for the first 
step of the process chain for the tibia intramedullary implant 
design was collected from the patient through a CT scanner and 
processed as DICOM files (GE LightSpeed VCT 64 Slice CT). 
Since the design geometry of the implant is based on the CT 
scan of the healthy knee, the quality of the CT scan is crucial. 
Therefore, cuts of 1mm were performed to achieve accuracy on 
the STL.   

Fig.  1 Schematic of overall procedure for development of customized tibia intramedullary medical implant. 
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2.3. Data transformation 

After acquiring CT scan, the region of interest (tibia and 
femur bone) is identified and selected. The conversion of 
DICOM files into STL files is realized by means of a 
segmentation process using an open source software 3DSlicer 
4.8 (Surgical Planning Lab, Harvard Medical School, Harvard 
University, Boston, USA).  

2.4. Implant design and customization 

The design requirements are identified based on three 
categories: (1) implant geometry; (2) implant fixation; (3) 
mechanical loads. The geometry of the designed implant is 
required to be as close as possible to the patient’s tibia 
geometry. Therefore, the patient’s healthy left knee files are 
used to construct the geometry of the implant in terms of 
mimicking the shape of the tibia. Modifications were made 
accordingly to the requirements from the medical team 
regarding dimensions and the capability of the designed 
implant to fit into the patient’s bone. The implant was required 
to be bigger compared to the original tibia since the patient is a 
child and she will grow. The dimensions for height, width, and 
length of the implant are 152 mm, 62 mm, and 43 mm, 
respectively. The implant will be placed into the bone using 
press fit method by pushing the intramedullary stem inside the 
remaining bone and fastening with bone cement below the 
upper part of the implant. Geomagic Freeform [27] is used for 
sculpting and generating the initial biomodel design. 
Mechanical loadings applied in finite element analysis are 
defined based on literature review [28–33], and calculated 
accordingly for  the body weight (BW) of the patient which is 
40 kg.   

2.5. Materials 

Considering requirements of material properties used in 
surgical implants [9] such as biocompatibility, bulk properties 
and surface properties, it was decided to use stainless steel (SS) 
316L for the simulation and fabrication of the part via selective 
laser melting (SLM) technology. Since stainless steel 316L is 
the most corrosion resistant when it comes in contact with 
biological fluid [34], it is commonly used in surgical 
procedures to replace biological tissue or to help stabilize a 
biological structure supporting the healing process [34].  The 
cortical-trabecular bone matrix material properties were 
selected based upon pre-existing published data [35]. Table 1 
shows a summary of implemented material properties of the 
austenitic AISI SS 316 L [36] employed for simulation of the 
tibia intramedullary implant in Abaqus/CAE, and fabrication of 
the prototype.  The chemical composition of SS316L used for 
SLM was Fe (Balance), Cr (17.5-18%), Ni (12.5-13.00%), Mo 
(2.25-2.50%), Mn (<2%), Si (<0.75%), Cu (<0.5%), N 
(<0.1%), O (<0.1%), P (0.025%), C (0.03%), S (0.01%) with 
an average particle size of 45±15 µm (LPW technology, 
Widness, UK). The mechanical properties of additively 
manufactured components using the austenitic AISI SS 316 L 
are shown in Table 2.  

Table 1 Generic data – SS 316L-0407 wrought material [36].  

SS 316L-0407 

Density [g/cm3] 7.99 

Thermal conductivity [W/mK] 15.6 

Melting range [oC] 1,371-1,399 

Coefficient of thermal expansion [K-1] 16x10-6 

Poisson’s Ratio 0.265 

Table 2 Mechanical properties of additively manufactured components [36].  

As-Built Direction 
Horizontal (XY) Vertical (Z) 

Upper tensile strength (UTS)  590 - 690 MPa 485 - 595 MPa  
Yield strength  470 - 590 MPa 380 - 560 MPa 
Elongation at break 25 - 55% 30 - 70% 
Modulus of elasticity 197 GPa ± 4 GPa 190 GPa ± 10 GPa 
Hardness (Vickers) 210 - 214 HV0.5 114 - 226 HV0.5 

2.6. Finite element analysis 

2.6.1. Biomechanics of knee joint 
The biomechanics of the knee joint are highly complicated 

[28] due to complexity related to: structural and mechanical
properties of bone, cartilage and other soft tissues; forces
experienced by certain structures during different activities and 
displacements occurring across multiple planes of motion;
contact pressures, and joint kinematics. Therefore, there are
various modelling approaches [28–31] that have been used for
computation of knee forces. The determination of knee forces
has been studied by mathematical modeling [28] or direct
measurements using instrumented knee prosthesis [30]. Inverse 
dynamics and forward dynamics are the most popular
mathematical modelling approaches used to relate knee
kinematics and external forces to internal joint contact forces
[29]. Since the accurate modeling of the knee hinders due to
many factors, there are significant differences in predictions of
knee forces due to diversity of approaches, modeling
assumptions, and algorithms used [29]. Several software
packages, such as Abaqus, Comsol, LS-Dyna, ANSYS, etc. are 
used for simulation and analysis work as an important tool for
understanding knee biomechanics.

Due to different daily life physical activities, the peak forces 
acting on the tibia plateau vary significantly [29]. Previous 
studies have found,  from measuring forces in distal femur 
replacement and transforming to the knee joint, that during 
typical normal level walking a resultant joint reaction force is 
equivalent to approximately three times the body weight (BW) 
[29,33,35]. Kutzner et al. [37] determined loading of knee joint 
during activities of daily livings using in vivo measurements. 
According to their in vivo experiments it was reported that the 
average peak resultant forces in terms of body weight (BW) 
from the highest to the lowest are: stair descending (3.46 BW), 
stair ascending (3.16 BW), level walking (2.61 BW), one 
legged stance (2.59 BW), knee bending (2.53 BW), standing up 
(2.46 BW), sitting down (2.25BW) and two legged stance 
(1.07BW). Therefore, for most daily activities according to 

92



578	 Marinela Peto  et al. / Procedia Manufacturing 34 (2019) 574–583
Author name / Procedia Manufacturing 00 (2019) 000–000 5

Topology 
Optimization 
applied only in 
this region 

Kutzner et al. the resultant forces fall typically in the range of 
220 – 350% BW [37].  

2.6.2. Simulation settings 
Normal walking activity consists of two main phases: stance 

phase and the swing phase. During the normal gait cycle 
approximately 60% of the time is compromised by stance phase 
and 40% by the swing phase. Morrison [38] has shown that the 
maximum joint loading occurs during the stance phase only. 
There are six sub-phases in the stance phase which are: heel 
strike, foot flat, mid-stance, heel off, and toe off. The loading 
used in this paper is based on the work of Morrison [38] who 
used analytical musculo-skeletal models and gait data for 
calculation of the maximum mean tibio-femoral compressive 
force. According to Morrison [38],  the maximum mean tibio-
femoral compressive force was calculated to be about three 
times body weight (BW) at the stance phase during level 
walking. The heel-strike stance phase during normal gate is 
simulated, where no ligament loading is applied to the system, 
using a static analysis with a dynamic load magnification factor 
adopted from the work of Bautista  [35]. Furthermore pressure 
is used instead of concentrated loads guided by the work of 
Müller-Karger et al. [39].  

The correction of the STL file geometry and the conversion 
from STL files into IGES files was done using SolidWorks 
2017 (Dassault Systèmes SolidWorks Corporation, Waltham, 
MA, USA).The IGES files were imported to Abaqus/CAE 
2018 (Dassault Systèmes Simulia Corp, Johnston, RI, USA) for 
the finite element analysis.  A loading with a magnitude of 
1,177.2 N (three times the patient’s body weight) is distributed 
between the medial and lateral condyles, as constant distributed 
force, approximately covering contact areas of 178.6 mm2 and 
159.5 mm2, as shown in Fig.  3.  

The encastre function is used for boundary condition in 
Abaqus/CAE 2018, simulating the situation where an assumed 
fully fixed condition exists [35]. This boundary condition 
function restricts the bottom faces and all the connecting nodes 
on it in three directions, preventing the displacement and 
rotation. A mesh with a total 80979 nodes and 55009 total 
number of quadratic tetrahedral elements of type C3D10, was 
used as shown in Fig.  3-a.  

a.       b. 

Fig.  3 (a) Meshed model of initial customized tibia intramedullary implant 
using C3D10 element type. (b) Loadings and boundary conditions applied on 
tibia intramedullary implant for FEA, and topology optimization work space. 

2.7. Structural design optimization 

2.7.1. Topology optimization using Solid Isotropic Material 
with Penalization (SIMP) approach 

Topology optimization (TO) [13] of solid structures refers 
to the internal member configuration of a structure indicating 
the regions where holes will be located, the amount of the 
holes, their shapes, and the connectivity of the domain. TO is a 
mathematical method that determines the material placement in 
given domain to achieve a desired functionality for a given set 
of loads and constraints while optimizing for certain qualities 
such as minimal material usage or uniform stress distribution 
[23]. Guided by gradient computation or non-gradient 
algorithms TO builds on a repeated analysis and design update 
steps [40]. TO was introduced in 1988 in a seminal paper by 
Bendsøe and Kikuchi [41], and since then it has developed 
immensely in many different directions. General form of a TO 
problem to find the material distribution that minimizes an 
objective function F, subject to volume constraint g0 ≤ 0, and 
possibly other constraints gi ≤ 0, i = 1,…, n, can be written as 
[42]:  

 𝑚𝑚𝑚𝑚𝑚𝑚:    𝑭𝑭 = 𝐹𝐹(𝒖𝒖(𝜌𝜌), 𝜌𝜌) = ∫ 𝑓𝑓(𝒖𝒖(𝜌𝜌), 𝜌𝜌)𝑑𝑑𝑑𝑑
𝜑𝜑

0
 

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑡𝑡𝑡𝑡:

{

  
𝑔𝑔0(𝜌𝜌) =  ∫ 𝜌𝜌𝜌𝜌𝜌𝜌

𝜑𝜑

0
− 𝑉𝑉0 ≤ 0

𝑔𝑔𝑗𝑗(𝒖𝒖(𝜌𝜌), 𝜌𝜌) ≤ 0    𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝑗𝑗 = 1,… , 𝑛𝑛
𝜌𝜌(𝒙𝒙) = 0 𝑜𝑜𝑜𝑜 1      ∀ 𝑥𝑥 ∈ 𝜑𝜑

   

The density variable ρ(x) describes the material distribution, 
and it can be either 0 (void) or 1 (solid) in any point in the 
design domain φ. Linear or non-linear state equations are 
satisfied by the state field u. V represents the volume of the 
structure. 

 A widely used density-based TO approach is solid isotropic 
material with penalization (SIMP) [13,43,44] where the 
geometry is described via a material distribution which is 
typically discretized using element-wise invariable or nodal 
shape functions. SIMP is also known by different names such 
as density method, power law, or material interpolation. This 
method uses a “density”  𝜌𝜌(𝑥𝑥)   of a finite element as only 
design variable for each element [45] . The design variable and 
is normalized to have a value between zero (void) and one 
(solid). The relation between the design function “density” 
𝜌𝜌(𝑥𝑥) and properties of an isotropic material 𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖0  is given by 
power law as follows [13]:  

𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑥𝑥) =  𝜌𝜌(𝑥𝑥)𝑃𝑃 × 𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖0  ,          𝑃𝑃 > 1            

∫𝜌𝜌(𝑥𝑥)𝑑𝑑Ψ ≤ 𝑉𝑉 ;     0 ≤  𝜌𝜌(𝑥𝑥) ≤ 1 ,   𝑥𝑥 ∈  𝜓𝜓    

The density is interposed between material properties 
𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝜌𝜌 = 0) = 0 and 𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝜌𝜌 = 1) = 𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖0 . The volume of the 
structure is evaluated as∫𝜌𝜌(𝑥𝑥)𝑑𝑑Ψ, where: 𝜓𝜓 is the reference 
domain. “P” is a penalty factor that is used to penalize design 
variables not equal to 0 or 1,  and its value is increased 
gradually  from unity and is usually between 2 and 4 [46]. 
Tamimi et al. [11] employed a topology optimization using the 
SIMP method with minimizing the strain energy (maximizing 
the stiffness), constraining the volume. Tamimi et al. found out 
[11] that even though the TO used intended to increase stiffness 

(2) 

(1) 

(3) 

(4)
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of each element, due to high percentage of volume reduction it 
was observed that the lightweight effect contributes to decrease 
of the equivalent stiffness of the component  resulting in 
reducing stress shielding phenomena. Therefore, based on the 
work of Tamimi et al. [11], it was decided to use an objective 
function that minimizes strain energy for the topology 
optimization of the tibia intramedullary implant under a weight 
constraint.  

2.7.2. Computational design optimization process 
The design optimization process is performed using 

topology optimization method in Abaqus/Tosca Structure 2018 
(Dassault Systèmes Simulia Corp, Johnston, RI, USA), and the 
workflow of the computational design optimization is 
presented in Fig.  4.  

The objective function used is to minimize design response 
values of strain energy. The density update strategy used in 
Abaqus is normal, and initial density used the optimization 
product default. The values of minimum density, maximum 
density, and maximum change per design cycle used were 
0.001, 1, and 0.25 respectively. The convergence criteria to be 
fulfilled is 0.001 for objective function delta criterion and 0.005 
for element density delta criterion. A penalty factor of 3 is used 
for material interpolation technique.  

Fig.  4 Computational design optimization workflow using Abaqus/Tosca. 

The weight constraint for a fraction of the initial value less 
or equal than 0.7 was used.  This value was decided based on 
specified design requriements and topology optimizations 
attempts performed in Abaqus/Tosca. The stem of the implant 
is required to be solid and the geometry of the upper and bottom 
portions of the tibia to be kept the same as the original 
biomodel. Therefore, the workspace of the topology 

optimization was determined to be the middle portion of the 
tibia (Fig.  3), which is 145 grams comprehending 45% of the 
entire weight of the implant which is 321.6 grams. Several 
topology optimization attempts were performed starting with 
values of weight constraint for a fraction of the initial value 
greater than 0.56, until it was found that the value of 0.7 was 
optimal for achieving weight reduction and allowing for further 
improvements such as incorporating lattice structures in the 
next phase.  Load regions and boundary condition regions were 
kept frozen in the topology optimization task. 

2.8. Implant fabrication using Selective Laser Melting (SLM) 

The intramedullary tibia implant was fabricated by SLM 
using an Aconity 3D MIDI (Aconity GmbH, Herzogenrath, 
Germany). This system has a laser beam source (CW fiber laser 
with a λ = 1070 nm) with a maximum power of 1000W and a 
diameter spot in a range of 80-500 μm, and it has a working 
volume of a cylinder of 170 mm and height of 150mm. Argon 
was used as an inert gas to reduce corrosion, avoid 
contamination, and oxidation of the powder with a flow of 7 
L/min. Laser process parameters are shown in Table 3.  

Table 3 Selective laser melting process parameters. 

Laser parameter Value 
Laser Power [W] 170 
Laser modulation frequency [MHz] 1 
Laser modulation width [μs] 10,000 
Laser off delay [μs] 5 
Laser on delay [μs] 20 
Beam spot [mm] 0.08 
Scanning laser speed [mm/s] 500 

The optimized implant was converted into STL and 
introduced into Netfabb Premium 2019 (Autodesk, California, 
USA) for the generation of the layers (CLI files) where a layer 
thickness of 50 μm was selected. The quad islands strategy was 
used as the laser scanning strategy with a quad height and width 
of 10 mm ☓ 10 mm, a hatch distance of 0.12 mm, an initial and 
rotation angle per layer of 0º and 67º respectively and a 
translation layer of 0.001 mm. Quad islands strategy also 
named chessboard by other authors, and with a rotation angle 
between layers has been proved to have less presence of the 
residual stresses on the parts [47].  Even though roughness is 
higher [48] with this laser scanning strategy, the resulting 
topography can be suitable for the interaction between bones, 
and osteoblasts responded better in proliferation and adhesion 
with altered surfaces higher than 30 μm [49]. The support 
material was designed with solid lines with small unions with 
the platform and the implant for easy removal. Each one of the 
CLI files was compressed into an ILT file and introduced into 
Aconity Studio (Aconity 3D, Herzogenrath, Germany) for its 
fabrication. 
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3. Results and discussion

3.1. Initial customized tibia intramedullary implant 

Following the procedure that was described in section 2.4, 
an initial biomodel of tibia intramedullary implant was 
designed. The front view and the side view of the designed 
implant are shown in Fig.  5-a and Fig.  5-b respectively. The 
dimensions for the customized designed tibia intramedullary 
implant are: 152 mm high, 62 mm wide, and 43 mm long. The 
weight of the customized biomodel using stainless steel 316L 
material is calculated to be 321.58 g.  

a.          b. 

Fig.  5 Designed tibia intramedullary implant: (a) front view; (b) side view. 

3.1.1. Finite element analysis initial customized tibia 
intramedullary implant 

The finite element analysis (FEA) was performed in Abaqus 
using the loadings and boundary conditions defined in section 
2.6. The results of finite element analysis for contour plots of 
displacement and von Mises stress are shown in  

Fig.  6. From the displacement and Von Mises contour plots 
can be seen that the maximum magnitude of displacement is 
1.643x10-4 mm and maximum Von Mises stress is 7.32 MPa.  

a.     b. 

Fig.  6 Finite element analysis results before the optimization. (a) The 
displacement contour plot [mm]. (b) Von Misses contour plot [MPa]. 

3.2. Topology optimization results 

TO was performed only for the top part (not for the stem), 
and the generated results are shown in Fig.  7.  The weight of 
the implant is reduced by almost 30%, measuring a value of 
225.38 g compared to initial weight of 321.58 g. This 
optimization sets the stage for further improvements that will 
be incorporated in the next phase, such as putting lattice 
structures in order to promote bone ingrowth and contribute to 
reduction of stress shielding problems. In addition to that, the 
implant will be post processed for further refinements.   

Fig.  7 Optimized tibia intramedullary implant. 

3.2.1. Finite element analysis for optimized implant 
The results of finite element analysis after the optimization 

are shown in Fig. 8, and as it can be seen from contour plots, 
the maximum magnitude of displacement is 1.879x10-4 mm 
and the maximum Von misses stress is 7.448 MPa. 

a.          b. 

Fig.  8 Finite element analysis results after optimization. The displacement 
contour plot [mm] (left) and Von Misses contour plot [MPa] (right). 

3.3. Comparison of FEA results for original and optimized 
tibia intramedullary implant   

The comparison of finite element analysis results of original 
and the optimized model show not a significant change in the 
values of displacement and von Mises stress. The maximum 
magnitude of displacement increases from 1.643x10-4 mm for 
original model to 1.879x10-4 mm for the optimized model. Von 
Mises stress on the tibia intramedullary implant has also 
increased slightly from 7.32 MPa for original model to 7.448 
MPa for optimized model. From the analysis and comparison 
of the results of FEA it can be stated that the topology 
optimization is beneficial for improvement of the implant by 
achieving a weight reduction of 30% while the maximum 
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magnitude of displacement and maximum von Mises stress 
increase only by 14.4% and 1.7 % respectively.  

3.4. SLM processing for prototyping 

The intramedullary implant was orientated lying to the 
platform to achieve a good surface topography in its interaction 
with the upper bone (femur). To start the process, the argon 
flow was controlled at the desired level and the chamber was 
pressurized with a total time of 45 minutes. During the SLM 
process, the powder was always well distributed over the 
platform with a platform offset of 0.05 mm and supply factor 
of 3 powder (3 times the layer thickness) without signs of 
warping on the edges of the implant, or over melted layers. The 
machine took 6 hours to produce the implant and 1 hour for the 
post-processing and cleaning. Figure 9 shows the resulted 
intramedullary tibia implant fabricated with SLM. The part has 
a bright metallic color, and it shows no defects on its surface or 
balling effect, no warping, or any deformation between the part 
and the building platform.  

Also, in order to measure the surface roughness of the 
prototype fabricated via SLM, it was performed a surface 
characterization analysis with the aid of CHR 150, chromatic 
confocal sensor. Based on the conducted analysis, the value of 
surface roughness parameter Ra was found to be 9.63 µm.  

Fig.  9 Stainless steel 316L optimized tibia intramedullary implant fabricated 
via selective laser melting process. 

3.5. Future design improvements 

 Compared to structural design optimization methods, the 
replacement of solid volumes by lattice structures may also 
offer robust solutions to different multi objective problems that 
involve unsureness of loading conditions [11]. Due to their 
high strength to weight ratio, lattice structures used in 
orthopaedic implants are found to be very beneficial for bone 
ingrowth stimulation (osseointegration) and reduction of 
problems related to stress shielding phenomena [50]. 
Furthermore, the geometry of lattice structures can be modified 
to accomplish certain levels of required performance. TO have 
been used by many researchers as an effective method in 
designing optimized unit cells that lead to several structural and 
functional improvements of orthopedic implants.  

Therefore, in order to further improve the designed tibia 
intramedullary implant, lattice structures will be considered in 
future work. The results of topology optimization are valuable 
in identifying the regions where the material is not critical and 
therefore can be removed from the model. The optimized 
model will be used as a guide in taking the decision of replacing 
solid volumes with lattice structures in order to generate lighter 
design, while offering bone ingrowth simulation with suitable 
level of stiffness and energy absorption under static and 
dynamic loading.  

Also, since the patient is a child, structural design 
modifications will be considered in future work allowing for 
adjustments of the implant as the patient grows.  

4. Conclusions

This study has proposed a methodology that can be used for
improvement of customized medical implants in general.  A 
knee prosthesis case study is presented where the proposed 
procedure is applied to design, optimize, and fabricate a tibia 
intramedullary implant for an 8-year old osteosarcoma patient. 
Customization is focused on matching the geometry of the 
implant as close as possible to the original anatomy of the 
patient’s tibia. In order to further improve the designed implant, 
structural design optimization is considered. Through 
performing a computational topology optimization, it was 
achieved 30% weight reduction. The process chain was 
validated virtually using Abaqus/Tosca, and a proof of concept 
is shown by fabricating a stainless steel 316L prototype via 
selective laser melting (SLM) process.  

Future considerations for further improvement of tibia 
intramedullary implant are proposed. Lattice structures will be 
incorporated in next steps of implant design to stimulate bone 
ingrowth and reduce stress shielding phenomena. Further 
structural modifications will be also considered for implant 
adjustments due to patient growth.   
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Introduction 
Osteosarcoma is a form of cancer in bones that affects 
mostly the health of the humerus, the femur, and the tibia 
among other large bones. The surgical procedure to 
relieve pain or restore health conditions in the proximal 
humerus is called shoulder joint arthroplasty where an 
implant is collocated to promote structural fixation for 
the bone. In this clinical technique, metallic orthopedic 
implants are commonly used and the ones that available 
in the market are 5-6 times stiffer than bone [1]. The 
change in stiffness between metal implants and the bone 
will result in stress shielding problems when an 
orthopedic implant is introduced to the human body and 
will lead to weaker less dense bone [2]. The heavy weight 
of the implant will produce discomfort in performing 
daily activities. In order to not to have relative movement 
between the surface of the implant and the bone, the 
implant needs to be functionally and structurally 
integrated into the bone (osseointegrated) [3]. In this 
work, and for overcoming the challenges explained 
above, a contribution in the design and optimization of 
customized implants is presented, through a case study 
of a light-weight hemiprosthesis with lattices structures 
to treat proximal humerus cancer. 

Materials and Methods 
The patient is a 46 years old male who suffered 
osteosarcoma in the proximal humerus near to the 
shoulder. The osteosarcoma affected only 10 cm of the 
upper part of the humerus according to Computed 
Tomography scans. For designing a hemoprosthesis, 
DICOM files were firstly analyzed, and the damaged part 
of the bone was removed from the imaging files using 
Geomagic Freeform (CAD software). Afterwards, the 
shape and complexity of the healthy mirror bone were 
replicated. After that, lattice-based optimization was 
performed to improve the performance of the implant, 
integration with the surrounding tissues, increase 
stiffness, and to reduce weight. The lattice structures 
were selected according to the interaction of its form and 
size with the cells looking for the best osseointegration. 
Finally, the hemiprosthesis was fabricated using powder 
bed fusion (Selective Laser Melting). The implant was 
fabricated by SLM using an Aconity 3D machine 
(Aconity GmbH, Herzogenrath, Germany). This system 
has a laser beam source (F-theta) with a maximum power 
of 1000W and a diameter spot in a range of 80-500 μm. 
For its fabrication, a biocompatible material was used. 
Mechanical properties of the lattices structures were 
tested and geometric accuracy, surface quality, and 
corrosion resistance before implantation were measured. 

Results 
Based on the requirements from the medical team, it was 
decided to divide the section into three sections named 
top, middle, and bottom, and the optimization is applied 
only on the middle portion of the implant. Fig.  1 shows 
the 3D model of the optimized shoulder hemiprosthesis. 

Fig.  1: Shoulder hemiprosthesis model with lattice structures. 

Mechanical properties were enhanced through 
optimization routines where stress shielding was reduced 
according to simulations. The implant was successfully 
manufactured with powder bed fusion and in 
biocompatible material. Appropriate results were found 
on the corrosion, surface quality and geometric accuracy 
after running process parameters optimization strategies. 

Discussion and conclusion 
An original biomodel was designed based on the 
requirements defined by the medical team. For further 
improving the implant in terms of weight reduction, 
osseointegration and minimizing stress shielding related 
problems, the optimization is performed based on lattice 
structures. Three different lattice unit cell configurations 
were designed, fabricated and tested. Based on 
compression mechanical testing previous results, the unit 
cell configuration with the best mechanical behavior was 
identified and selected to replace the solid middle portion 
of the implant, and the weight of the entire implant was 
reduced by 15%. It was shown that lattice structures are 
fabricated correctly using additive manufacturing with 
appropriate process parameters. Future work will be 
dedicated to the demonstration viability in the full 
implantation of the resulted prototype. 

References 
[1] K. S. Katti, “Biomaterials in total joint
replacement,” Colloids Surf. B Biointerfaces, vol. 39, no.
3, pp. 133–142, Dec. 2004.
[2] M. I. Z. Ridzwan, S. Shuib, A. Y. Hassan, A. A.
Shokri, and M. N. M. Ibrahim, “Problem of Stress
Shielding and Improvement to the Hip Implant Designs:
A Review,” vol. 7, no. 3), Mar. 2007.
[3] A. F. Mavrogenis, R. Dimitriou, J. Parvizi, and
G. C. Babis, “Biology of implant osseointegration,” J.
Musculoskelet. Neuronal Interact., vol. 9, no. 2, pp. 61–
71, Apr. 2009.

99



100 

Appendix C 
Mechanical Behavior of Lattice Structures Fabricated by Direct Light Processing With Compression Testing and Size 
Optimization of Unit Cells
November 2019
DOI: 10.1115/IMECE2019-12260
Conference: ASME 2019 International Mechanical Engineering Congress and Exposition



1 Copyright © 2019 by ASME 

PROCEEDINGS OF THE ASME 2019 
International Mechanical Engineering Congress and Exposition 

November 8 – 14, 2019, Salt Lake City, Utah 

IMECE2019-12260 

MECHANICAL BEHAVIOR OF LATTICE STRUCTURES FABRICATED BY DIRECT 
LIGHT PROCESSING WITH COMPRESSION TESTING AND SIZE OPTIMIZATION 

OF UNIT CELLS 

Marinela Peto1, Erick Ramirez-Cedillo2, Mohammad J. Uddin1, Ciro A. Rodriguez2, Hector R. Siller1 

1University of North Texas, Denton, TX, United States of America 
2Tecnologico de Monterrey, Monterrey, NL, Mexico 

ABSTRACT 
Lattice structures used for medical implants offer 

advantages related to weight reduction, osseointegration, and 
minimization of stress shielding. This paper intends to study and 
to compare the mechanical behavior of three different lattice 
structures: tetrahedral vertex centroid (TVC), hexagonal prism 
vertex centroid (HPVC), and cubic diamond (CD), that are 
designed to be incorporated in a shoulder hemiprosthesis. The 
unit cell configurations were generated using nTopology 
Element Pro software with a uniform strut thickness of 0.5 
mm. Fifteen cuboid samples of 25mm × 25mm × 15 mm, five
for each unit cell configuration, were additively manufactured
using Direct Light Printing (DLP) technology with a layer height
of 50µm and a XY resolution of 73µm. The mechanical behavior
of the 3D printed lattice structures was examined by performing
mechanical compression testing. E-silicone (methacrylated
silicone) was used for the fabrication of samples, and its
mechanical properties were obtained from experimental tensile
testing of dog-bone samples. A methodology for size
optimization of lattice unit cells is provided, and the optimization 
is achieved using nTopology Element Pro software. The
generated results are analyzed, and the HPVC configuration is
selected to be incorporated in the further design of prosthesis for
bone cancer patients.

Keywords: Additive Manufacturing, Direct Light 
Processing, Lattice Structures 

1. INTRODUCTION
Lattice structures are one type of cellular materials [1]–

[4] consisting of struts and nodes that are interconnected and
arranged repetitively. They are used in various industries such as
automotive, aerospace, biomedical, etc. due to their unique
combination of properties [5]. One of the essential advantages

that lattice structures offer is high strength to weight ratio. 
Therefore, they are suitable for applications where extensive 
strain is required to occur before the yield due to low relative 
density. Furthermore, lattice structures can provide good 
properties in terms of energy absorption, insulation, acoustics, 
thermal conductivity, and weight reduction capabilities [1], [6], 
[7]. The geometrical configuration of unit cells can be modified 
in order to achieve a particular performance of the structure.  

The implementation of lattice structures in the design of 
orthopedic implants [3] has led to significant benefits in 
addressing various issues related to the introduction of a medical 
implant into the bone. Metallic orthopedic implants that are 
available in the market are five to six times stiffer than the bone 
[8], and according to Wolff’s law [9], the adaption of the bone is 
directly related to the stresses acting on it. In the cases when the 
loading acting on the bone increases, the bone tends to restore 
itself with time increasing its mass and becoming stronger, and 
vice versa.  Additionally, high stiffness and heavy weight of 
orthopedic implants may lead to loosening or failure of the 
implant, and discomfort on the patient while performing daily 
activities. Many researchers [10]–[12] have demonstrated 
successfully the potential of lattice structures on minimizing 
stress shielding and reducing the weight of the implant. 
Furthermore, lattice structures due to their porosity stimulate the 
structural and functional connection between the bone and the 
implant [3], [13], [14] providing mass transport requirements 
and proper mechanical properties. Thus, they have been used for 
the design of scaffolds in tissue engineering for substitutional or 
regeneration reasons [5].  

In mesoscale (0.1-10mm), lattice structures are classified 
into three categories based on the degree of an order [6] as shown 
in Fig. 1. The first category, named the disordered lattice 
structure, consists of a random arrangement of unit cells with 
various configurations and sizes. The periodic (uniform) lattice 
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structure is the second category, and in contrast with the first 
category, it is composed by the repetition of a unit cell with 
specific configuration and size. Depending on the strut thickness, 
this category can be further divided into two subcategories: 
homogeneous and heterogeneous, having constant and variable 
strut thickness, respectively. In the third category, which is 
pseudo-periodic lattice structure, the configuration and size of 
each unit cell can be modified due to precise design 
requirements, while being part of the same general topology.  

Fig. 1 Types of lattice structures on mesoscale. Adapted 
from  [6]. 

The design and analysis of lattice structures is an iterative 
process that requires a lot of knowledge and human interaction 
in order to be able to explain the case study objectives [15]. Since 
the performance of a structure depends on the chosen pattern, 
researchers have been constantly focused on optimizing design 
variables of lattice structures such as strut thickness, orientation, 
material, topology, skins, etc.  The lattice structures used for 
orthopedic implants can be divided based on the unit cell design 
[3], [16], [17]. The four groups are: (i) CAD-based unit cell 
design [18], [19]; (ii) image-based unit cell design [20]; (iii) 
topology optimized unit cell [21]; and (iv) implicit surface 
modeling unit cell [22].  

Size optimization is a structural design optimization 
technique that is concerned with topology geometry and size 
optimization of components within a structure [23]. It defines the 
best component parameters for an optimal relationship between 
specific functionalities.  Structural optimization problems are 
mostly nonlinear, and they consist of an objective function, 
constraints, and design parameters. Metaheuristic techniques 
have been successfully employed in solving size optimization 
problems. Few of the most popular metaheuristic techniques are 
[24]: Genetic Algorithms, Particle Swarm Optimization, 
Simulated Annealing, Artificial Bee Colony, Harmony Search 
Algorithm,  Bing-Bang-Big Crunch Algorithm, etc.  

The fabrication of lattice structures using conventional 
manufacturing methods can be challenging or even impossible 
in many cases. Additive manufacturing (AM) technology [25], 
which represents a class of manufacturing processes for 
fabricating parts in a layer by layer manner from digital 
information, offers excellent opportunities [26], [27] for 
fabrication of lattice structures related to ability to fabricate 
highly complex shapes, high resolution, clean build 
environment, less material used, and low cost.  The most used 
AM processes for fabrication of biomaterials [28] are powder 

bed fusion (PBF), direct energy deposition (DED), binder jetting 
(BJ), vat polymerization (VP), and materials extrusion (ME). 
Recently, there is a significant interest in the integration of lattice 
structures design and additive manufacturing. Design for AM 
(DfAM) [26] has been developed to fully exploit the advantages 
of AM in creating optimal complex and efficient designs 
featuring lattice structures. Researchers [15], [29]–[31] have 
worked on proposing the design and optimization methodologies 
with AM constraints. Direct Light Printing (DLP) also known as 
Direct Light Processing, is a type of vat photopolymerization 
AM process that uses an ultraviolet (UV) light to selectively cure 
the liquid photopolymer in a vat [32]. Compared to other AM 
processes such as SLS, FDM, and SLA, the DLP is 
acknowledged as an AM technique that has low cost and large 
throughput [33]. Additionally, DLP technique has the capability 
to produce structures with high complex shapes with highly 
resolution, typically down to 30 µm layer thickness [32]. 
Furthermore, since the process takes place in a vat of liquid 
material, the requirement of support structures for hollow 
configurations is minimal, which makes this process an optimal 
technique for fabrication of lattice structures [33].  

The objective of this study is to investigate the mechanical 
behavior of three different lattice unit cell configurations, in 
order to select the most proper configuration for its use in the 
design of lightweight implants, specifically a shoulder 
hemiprosthesis of a real patient suffering bone cancer, and its 
further utilization in other customized implants, as a practical 
solution for enabling osseo-integration and mechanical 
resistance. The three-unit cell configurations designed are 
tetrahedral vertex centroid (TVC), hexagonal prism vertex 
centroid (HPVC), and cubic diamond (CD). The lattice 
structures design process is explained in section 2, along with 
direct light processing (DLP), which is the AM technique used 
for the fabrication of 15 silicone cuboid samples. Section 3 
presents experimental results and discussion of mechanical 
testing and size optimization of unit cell lattice 
structures.  Finally, the summary of the performed work is 
obtained in section 4. 

2. MATERIALS AND METHODS
2.1. Materials 
The material that is used for the fabrication and optimization 

of lattice structures is E-Silicone (methacrylate silicone) from 
EnvisionTec. The lattice structures were fabricated with a layer 
thickness of 50 µm. The material properties provided by the 
manufacturer are shown in Table 1. In order to provide 
mechanical properties such as Young’s modulus, shear modulus, 
and maximum strength needed for the simulation and 
optimization of unit cell lattices, tensile testing was performed 
as explained in section 2.2.5.  
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Table 1. Properties of E-Silicone from envisionTEC. 
Description Value 
Material Density 170-220 cP at 30oC
Viscosity 1.05-1.15 g/cm3 
Projector Brightness 500 mW/dm2 

2.2. Methodology 
The overall methodology followed for this study consists of unit 
cell design, lattice structures design, file preparation for AM, 
samples fabrication, mechanical testing, and selection of best 
unit cell configuration that will be used for a shoulder 
hemiprosthesis. A schematic of the overall process is shown in 
Fig. 2, and each step is explained in detail in the following 
sections.  

2.2.1. Unit Cell Lattice Design 
The unit cell lattice configurations were generated using 

nTopology Element (nTopology, New York, NY, USA). The 
dimensions for the unit cell used are 2 mm × 2 mm × 2 mm. The 
selection of 2mm unit cell size was based upon the findings of 
Yan et al. [34] stating that the yield strength and the Young’s 
modulus decrease with the increase of the size for the unit cell 
configuration used. Tetrahedral Vertex Centroid (TVC), 
Hexagonal Prism Vertex Centroid (HPVC), and Cubic Diamond 
(CD) were the three-unit cell configurations generated using
nTopology as shown in Fig. 3.

Fig. 3 Lattice unit cell configurations. (a) Tetrahedral vertex 
centroid (TVC), (b) Hexagonal prism centroid (HPC), and 

(c) Cubic diamond (CD).

2.2.2. Design of Cuboid Lattice Samples 
Cuboid samples of 25 mm × 25 mm × 15 mm, containing the 
different unit cell lattice configurations, were designed in 
Netfabb (Autodesk, Mill Valley, CA, USA) and were exported 
in nTopology Element. A uniform thickness of 0.5 mm was used 
for the model after selecting the lattice generation rule for the 
configuration of the unit cell. The meshing was performed using 
parameters of 0.8, 0.1, and 0 for mesh resolution, node 
smoothing, and adoptively factor, respectively. The final step 
involved the export of mesh into a STL file. Isometric views and 
front views of 3D models are shown in Fig. 4.  

Fig. 2 Schematic of overall procedure followed for study of (i) Tetrahedral vertex centroid (TVC); (ii) Hexagonal prism vertex 
centroid (HPVC); and (iii) Cubic diamond (CD) unit cell configurations fabricated using DLP. 
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Fig. 4 Models of samples for each unit cell configuration. 
Tetrahedral vertex centroid: (a) isometric view, (b) front 

view. Hexagonal prism centroid: (c) isometric view, (d) front 
view. Cubic diamond: (e) isometric view, (f) front view. 

2.2.3. AM File Processing 
The file preparation for direct light printing (DLP) was 

performed using Perfactory 3.2.3508 (envisionTEC, Dearborn, 
MI, USA) software. Subsequently, a STL (stereolitography) file 
was loaded on the job page that was created using the E-silicone 
material properties, and in order to optimize the space on the 
build plate, three samples were placed using 3mm spacing 
between them. Support structures were not needed for any of the 
created jobs. The last step involved exporting the job as an STL 
file. 

2.2.4. Fabrication of Samples 
The fabrication of samples was achieved by direct light 

processing (DLP) using a Vida 3D printer from Envisiontec 
(EnvisionTEC, Dearborn, MI, USA). DLP is a vat 
photopolymerization (VP) process, defined as an AM process 
that uses an ultraviolet (UV) light to selectively harden a liquid 
photopolymer in a vat, with the aid of CAM/CAD software, 
while the platform moves by the layer thickness. A curing oven 
was also used to cure the photopolymer resin. The user of the 
software, when needed, adds structural supports. This AM 
technology was selected for printing lattice structures due to the 
advantages that this process offers, such as good resolution for 
the printed parts and high building speed [35]. This printer uses 
a high-resolution projector performing at 1920 × 1080 pixel 
resolution using a custom UV LED as a light source. It has a 
volumetric envelope of 140 mm × 79 mm × 100 mm. The 

fabricated samples are shown in Fig. 5. The average weights 
were calculated to be 1.36, 3.68, and 4.5 gr with a standard error 
of 0.0257, 0.0578, and 0.205 for TVC, HPVC, and CD samples, 
respectively.  

Fig. 5 Lattice structures fabrication. (a) Tetrahedral Vertex 
Centroid (TVC); (b) Hexagonal Prism Vertex Centroid 

(HPVC); (c) Cubic Diamond (CD); (d) Total of 18 
fabricated E-Silicone samples using DLP. 

2.2.5. Mechanical Testing   
2.2.5.1. Tensile Test 
The E-silicone tensile samples shown in Fig. 6 were 

designed in Solidworks (Dassault Systèms Solidworks Corp., 
Waltham, Ma) using the standard ASTM D 638-14 (Type 5) 
[34]. Three different set of samples were fabricated at different 
orientations relative to the building plate: 0°, 90° and with a 
customized orientation.  

They were fabricated using the same procedure explained in 
section 2.2.4, in which four samples of each configuration were 
made with a width range of 3.21-3.4 mm and a thickness range 
of 3.25-3.28 mm. The customized oriented samples (DLP 
oriented) were collocated in the building plate oriented in such 
way to reduce the cross-sectional area (2 rotations, one in the Y-
axis of 60º and the other by 30º in the X-axis), which is directly 
proportional to the forces involved in the undesired adhesion of 
the part into the resin tank. Therefore, parts will be always 
oriented to avoid this frequent issue related to vat 
photopolymerization technologies. A universal testing machine, 
Instron® 3365 Tensile Tester (Instron Corporation, Nordstrom, 
MA, USA), was used to test the samples that were mounted 
between the grippers.  The load applied to the lattice structures 
was 5kN and with the speed of the test set at 50 mm/min. 
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Fig. 6 From left to right. 0º, DLP oriented and 90º E-silicone 
tensile samples. 

2.2.5.2. Compression Mechanical Test 
An Instron ® 5982 Dual Column Floor Beam Tensile 

Testing machine (Norwood, MA, USA) was used to carry out the 
mechanical compression test. Fifteen (15) samples were selected 
(5 CD, 5 TVC, 5 HPVC) for the test shown in Fig. 5. The 
compression test was performed according to ASTM D638-14 
[36]. The maximum load capacity was 100 kN, and the frame 
movement was 3 mm/min. The load cells in general, are 
electrically calibrated, self-identifying, and rationalized. In order 
to avoid non-uniform loading on the lattice structure, the samples 
were set on the center of the disk. The deformation was recorded 
to visualize any particular feature at that moment on the 
compressive stress-compressive strain curve. For this study, 
cross-sectional areas were defined at the cross-section of the half 
of the sample with values of 2.08 cm2 (CD), 1.59 cm2 (HPVC), 
and 1.55 cm2 (TVC). These areas were obtained by dividing the 
model into slices using additive manufacturing and design 
software Netfabb ®. 

2.2.6. Size Optimization of Lattice Unit Cell 
The size optimization of lattice unit cells was performed 

using nTopology Element Pro software. The procedure started 
with importing a STL file for a 2 mm × 2 mm × 2 mm cuboid 
model. Three design rules (TVC, HPVC, and CD) were used for 
lattice generation with a ruled scale of 2 × 2 × 2, followed by the 
selection of wrap to fit option. The lattice is thickened uniformly 
using 0.5 mm. The meshing was performed using a 0.8 mesh 
resolution and 0.1 node smoothing. A study for lattice size 
optimization was created with the predefined loading, boundary 
conditions, and optimization task. Point loads of 1N were applied 
on the Z direction, as shown in Fig. 7. A boundary condition 
restricting movement in Z direction was used for the simulation, 
and stress was used for the optimization objective. The 
mechanical properties used for simulation were derived from the 
performed tensile testing. The Young’s modulus and shear 
modulus for the E-Silicone material employed in the analysis 
were 1.6526 GPa, and 656 MPa respectively. The maximum 
strength used was 66.6822 MPa. The number of iterations was 
kept 25 for the analysis. The diagram of the workflow for the 
lattice unit cell design and optimization is shown in Fig. 8.  

Fig. 7 Loading and boundary conditions applied for size 
optimization of lattice unit cells. (a) Tetrahedral Vertex 
Centroid (TVC); (b) Hexagonal Prism Vertex Centroid 

(HPVC); (c) Cubic Diamond (CD). 

Fig. 8 Unit cell design size optimization process using 
nTopology Element Pro. 

3. RESULTS AND DISCUSSION
3.1. Tensile Mechanical Test 
Results of the tensile test samples produced by DLP with a 

layer thickness of 50 µm are shown in Fig. 9. The cross-sectional 
areas were considered at the half of each of the tensile samples.  

To understand the behavior of the anisotropy of the samples, 
parts were fabricated, as explained above, with different 
orientations: 0º, 90º, and customized orientation. For the samples 
with 0° and 90°, it was found a Young’s modulus of 0.758 GPa 
and 0.756 GPa, respectively. The UTS in both orientations were 
50.53 MPa and 50.6 MPa, which is approximately less by 25% 
in comparison with the exhibited in the DLP oriented samples. 
They presented an average UTS of 66.682 MPa with a standard 
deviation of 2.44 MPa, a Poisson ratio of 0.2596, an average 
modulus of young of 1.6526 GPa with a standard deviation of 
0.066 GPa. From this experiment data, the reduction of the cross-
sectional area during the printing process can result in the 
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increment of the elastic properties of the parts, which is a desired 
property in the design of bio-mechanical implants. 

Fig. 9 Stress [MPa] vs strain graph from the samples 
fabricated in different orientations. 

3.2 Compression Mechanical Test 
The engineering stress vs. engineering strain curves (Fig. 

10) were generated based on the collected data from the
compression testing with the 100 KN cell load capacity for CD,
HPVC, and TVC lattice structured samples. The engineering
strain was found by dividing the displacement by the original
height of each sample (15 mm). Few images are provided on the
engineering stress vs engineering strain plots to investigate the
deformation process; each test was recorded using a camera (Fig. 
10).

Stress-strain curve Fig. 10(c) of HPVC samples shows 
extensive stress plateau phase before reaching the densification 
strain. The dome-like curve, which started at around 0.45 
engineering strain, indicated that this structure required a lot of 
loads to break the last layer. There were not so many notches 
appeared on the curve as grooves appeared on the curve of CD 
and TVC. The average yield stress was around 95 MPa for 
HPVC lattice structures. The stress dropped right after the yield 
point achieved and was in the range of 63.2% - 46.67%. In the 
case of CD and TVC structures Fig. 10 (a, c), gradual breakage 
of the layers was observed. No sudden drop of stress was visible 
to identify the elastic limit on the curves for both of the lattice 
structures. The stress dropped and repeatedly rose as a member, 
or few members broke together. CD lattice structures needed a 
lot higher amount of stress compared to TVC lattice structures. 
The stress dropped before buckling for TVC samples, and was 
shallow compared to that exhibited in HPVC samples (20% to 
35.7%).  

The TVC lattice structures seemed to be the weakest of all 
three because as it is very clear from the meager curve amount 
of stress was required for the breakage of the structure. On the 
other hand, HPVC lattice structures showed the best structural 
integrity and superior performance under compression testing. 
All the curves went very high in the end, implying that all the 

layers were broken down and lattice structures became a 
completely solid, which requires the highest load to compress 
further. Compressive testing for all lattice structures proceeded 
with breaking the bottom layer first, then the layer on top of that 
and so on until the structures formed a horizontal surface. 

3.2. Size Optimization of Lattice Unit Cells 
The results generated from the size optimization process 

performed in nTopology Element for three lattice configurations 
are summarized in Table 2. As can be seen from the images 
shown in Fig. 11, portions of the struts are thickened while other 
portions are becoming thinner depending on the FEA 
results.  The hexagonal prism vertex centroid exhibits the lowest 
maximum Von Mises stress compared to tetrahedral prism 
vertex centroid and cubic diamond. On the other hand, CD is the 
most stressed structure after the optimization.  

Table 2 Number and iterations, and Von Mises stress for the 
optimized lattice TVC, HPVC, and CD unit cells.  

Type 
Number of 
Iterations 

Min Von Mises 
Stress [MPa] 

Max Von Mises 
Stress [MPa] 

TVC 6 18.377 63.422 
HPVC 6 12.621 60.226 

CD 8 5.274 65.655 

Fig. 11 Original (on the left) and optimized lattice unit cells 
(on the right) for each configuration: TVC (a) and (b); 

HPVC (c) and (d); CD (e) and (f). 
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4. CONCLUSIONS

This paper addresses the mechanical performance of lattice 
structures fabricated by additive manufacturing. Tetrahedral 
Vertex Centroid (TVC), Hexagonal Prism Vertex Centroid 
(HPVC), and Cubic Diamond (CD) were designed, and 3D 
printed using direct light processing (DLP) technology and E-
silicone material. The mechanical behavior of the E-silicone 
material was obtained by performing tensile testing on standard 
dog-bone samples designed according to ASTM D 638-14 (Type 
5) standard. Compression mechanical testing was used to
investigate the mechanical behavior of fifteen cuboid lattice
structures (five for each configuration) with dimensions of
25mm × 25mm × 15mm. Furthermore, a process for designing

and size optimization of the unit cell configurations was 
presented. From the analysis of the results, it was concluded 
that:   

1. The configuration of the lattice unit cell has a
significant effect on the mechanical performance and
weight of a structure.

2. Consistency on the tensile testing was found in all
orientations, and the DLP oriented sample presented a
UTS of 66.6822 MPa and a Young’s modulus of 1.65
GPa.

3. CD lattice structured samples showed very ductile
behavior compared to TVC and HPVC.

4. The engineering stress vs. engineering strain curve for
HPVC samples showed that the stress dropped in the
range of 63.2% - 46.67%.

Fig. 10 Engineering stress [MPa] vs. engineering strain for: (a) Tetrahedral Vertex Centroid (TVC); (b) Hexagonal Prism 
Vertex Centroid (HPVC); (c) Cubic Diamond (CD); and (d) all three configurations. 
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5. The curves of TVC and HPVC showed similar behavior 
except TVC curves revealed more and repeated
buckling of the lattice structures. The stress drop before
buckling was very low compared to HPVC samples
(20% to 35.7%).

6. CD and HPVC exhibit higher strength compared to
TVC samples.

7. From the size optimization results, HPVC exhibits the
lowest max Von Mises stress compared to CD, and
TVC. The optimized HPVC structure has better stress
distribution compared to CD structure. The highly
stressed area for HPVC structure is significantly
smaller compared to CD structure. Therefore, from the
analysis of results of the size optimization, it is
suggested that HPVC unit cell is appropriate to be
incorporated in the design of a shoulder
hemiprosthesis.

5. FUTURE WORK

The Hexagonal Prism Vertex Centroid (HPVC) lattice cell 
configuration will be used in the design and optimization of a 
shoulder hemi prosthesis for a patient that has a tumor on his 
humerus. A finite element analysis (FEA) will be performed on 
the shoulder hemi prosthesis consisting of HPVC configuration 
with uniform strut thickness. In order to further study the 
improvement of performance, the optimized HPVC with varying 
strut thickness will be investigated using FEA. A prototype of the 
final design implant will be fabricated using selective laser 
melting.    
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