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Abstract— Additive manufacturing is gaining lot of importance in the current manufacturing industry due to its flexibility 
and adaptability in manufacturing complex and batch products. Initially the focus was on application of non metal 
prototyping for industrial research applications. With the technological growth, the demand for metal components using 
additive manufacturing has also gained impetus. Thus, the current paper provides the strategical steps that can be followed 
for metal additive manufacturing process with a design intent of weight reduction and no compromise with desirable 
properties like surface finish etc. These steps can be applied for any aerospace component or any complex automobile 
products and minimize the weight ratio’s, fuel costs and time to market and complimented by AM's ease of customization 
gives an edge to the products. 
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I. INTRODUCTION 
 
The current demand of manufacturing is to have 
shorter cycle of production with innovation. One such 
development in the recent years is additive 
manufacturing. Additive manufacturing can be 
utilized for complex designs, parts that cannot be 
manufactured by traditional manufacturing, for 
shorter production time, build to fly ratio is less and 
minimizing the waste to save resource, surface finish 
required is high and most importantly for weight 
reduction purpose. 
Alexander, et.al., [1]  have determined  best build 
orientation  for minimizing build cost of a part 
produced by LM technology. Atzeni, et.al., [2,3] 
have mentioned about the strategy of plastic parts and 
metal parts combined with part redesign to  have 
positive repercussion on cost saving. Baldinger, et.al., 
[4] provided insights on considering the various 
constraints of additive manufacturing. Baumers, 
et.al., Campbell, et.al., [5] build time approximations 
within a target error limit helped us understand the 
build to fly time. Choi, et.al., [6] proposed  modeling 
and optimization system for Rapid Prototyping (RP) 
processes. Diegel, et.al., [7] studies on aspects in 
additive manufacturing, from a sustainable design 
perspective for the sustainable design of consumer 
products. Doubrovski, et.al., [8] application of  
Olsen’s three-link chain model to frame the product 
structure and performance relationship, by strength, 
stiffness, dynamic, thermal, and visual properties and  
used this adopted model to base to propose Design for 
Additive Manufacturing (DFAM) method. Gibson, 
et.al.,[9]  provided a comprehensive overview of AM 
technologies descriptions for post-processing 
methods. Hasan, et.al [10] and Homstrom, et.al., [11] 
and studied the application of rapid manufacturing for 
spare parts industry. David W. Rosen et. al., [12] 
gave insights on the appropriate cellular structures for 
optimal performance. Kruth Et. al., [13] Preferred 

part, material properties in selective laser melting of 
additive manufactured metals  
Lindemann, et.al., [14] analysis of the case studies 
presented over the whole product lifecycle of additive 
manufacturing. Rickenbacher, et.al., [15] and Ruffo, 
et.al. [16].Paul, et.al., [17] developed an advanced 
optimization model for energy required for 
manufacturing a part using the SLS process. 
Thus, the present paper reviews the strategical steps 
that can be followed for metal additive manufacturing 
process with design intent of weight reduction. 
 
II. DESIGN INTENT 
 
The design intent adopted is weight reduction and 
part optimization. Since, AM gives unique 
capabilities to enable new opportunities for 
customization, improvements in product 
performance, multi-functionality, and lower overall 
manufacturing costs. These unique capabilities 
include 
1.  Complexity of Shape: it is feasibility to develop 

virtually many shapes, sizes which are practical, 
customization of geometries is achieved readily, 
and shape optimization is enabled. 

2.  Complexity of Materials: understanding how 
material may be processed one point, or one layer, 
at instance, thus enabling the part manufacture 
with complex material compositions and 
customized property gradients. 

3. Complexity of Hierarchy: hierarchical multi-scale 
component structures can be designed and 
fabricated from the microstructure level through 
to the part-scale macrostructure. 

Therefore, parts with shape, materials and material 
complexities can be supplemented and integrated 
with design intent of weight reduction. Figure 1 
shows the application of DFAM based on bionics. 
Compared with the original design, the final design is 
much lighter. 
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Figure 1: An example optimization sample with weight reduction as the design intent 

 
2.1. The BS 7000 simplified design model: 
There have been many design models in usage, but 
the BS7000 model was most suitable among them. 
The reason being accommodative and flexible for 
optimization in AM made this model most suitable.  

 
Figure 2: BS7000 simple design model 

 
2.2. Design For X (DFX) in AM: 
For success in manufacturing an optimized part, 
general design rules should be ensured  are to be 
considered. Few of them include- maximum part size 
check, Minimum wall thickness check 
(Hole/cutout/pocket), Faces requiring support rule 
(negative draft/ overhang/ undercut recognition, 
Minimum thickness of faces requiring support rule 
(negative draft/ overhang/ undercut recognition), 
Minimum feature size (Pocket/Island/Text), 
Recommended rib, Rib reinforcement check, Boss ID 
to OD ratio, Boss height to OD ratio, Minimum hole 

diameter to thickness or depth ratio, Knife edge, 
Recommended corner radius, XYZ slice dimensions 
etc. 
 
2.3. Material Properties 
For weight reduction the apparent option is to replace 
material of traditionally manufactured part with 
materials available for Additive Manufacturing and 
which are identified with better working properties. 
The properties that should be considered in additive 
manufacturing w.r.t materials considered are density 
issue, surface quality, mechanical properties, 
microstructure, residual stresses, and built up 
direction and grain orientation. 
 
2.3.1. Built Up Direction and Grain Orientation: 
One characteristic feature of powder-based or other 
additive manufacturing technology is the strong 
anisotropy of material properties (for example 
Young's modulus, yield strength, tensile strength, low 
cycle fatigue behavior, creep) resulting from the 
known layer-wise build-up process and the local 
solidification conditions during the SLM powder bed 
processing which can be disadvantageous in several 
applications.  
From recent advances in the field of the Additive 
Manufacturing technology, the following procedure 
has been adopted to control the grain orientation 
according to the required load constraint, 
a) Successively building up part from a base of 
selected material by means of an additive 
manufacturing process by scanning with an energy 
beam 
b) Then we must establish a controlled grain 
orientation in primary and in secondary direction of 
the part, 
c) where-in the controlled secondary grain orientation 
is realized only by applying a specific scanning 
pattern of the energy beam, which is aligned to the 
cross section profile of the part or to the local load 
conditions for part. 
By continuously mapping the grain orientation to the 
load constraints the feasibility for weight 
optimization is established. 
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The two possible conditions for the buildup of the 
part include,  
I. scan vectors are either perpendicular between 

subsequent layers or between each certain 
areas (islands) of a layer thereby establishing a 
specific desired secondary crystallographic 
grain orientation or 

II. scan vectors have random angles between 
subsequent layers or between each certain 
areas (islands) of a layer thereby not 
establishing a specific secondary 
crystallographic grain orientation 

. 
Guidelines during the buildup, for the part with 
particular grain orientation according to the two 
possible conditions are 
1. The control of the secondary grain orientation is 
achieved by placing the scanner paths alternately 
parallel and orthogonal in subsequent layers to the 
direction of the component, where a smallest value of 
the Young's modulus is desired. 
2. To achieve a non-pronounced secondary grain 
orientation the scanner paths are rotated by random 
angles in subsequent layers. 
3. In order to achieve a non-pronounced secondary 
grain orientation the scan vectors are parallel within 
each island of each layer and rotated by around 63° in 
each successive layer. 
4. The grain size distribution of said powder is 
adjusted to the layer thickness (d) of given powder 
layer in order to achieve a good flow-ability, for 
preparing powder layers with regular and uniform 
thickness (d). 
5. The powder grains must have a refined spherical 
shape and that exact grain size distribution of the 
powder is obtained by sieving and/or winnowing (air 
separation). 
6. The powder is manufactured by means of a powder 
metallurgical process, gas or water atomization, 

plasma-rotating-electrode process or mechanical 
milling and we can use a suspension instead of 
powder. 
7. The changes in the secondary grain orientation are 
applied only in designated volumes at each phase. 
 
For suppose, a component comprising an airfoil with 
a profile, characterized in that the alignment of the 
secondary grain orientation is matched with the 
profile of the airfoil and that it is gradually and 
continuously adapted to the shape of the airfoil. 
 
2.3.2. Density:  
The attainable density of the part becomes first 
important concern in this process. The density 
regulates the part’s mechanical properties and has 
direct influence on the component performance. In 
such situations weight reduction and optimization can 
give detrimental performance and life. Since there is 
no mechanical pressure, porosity can be prevalent and 
often gas bubbles are seen entrapped in the material 
during the solidification due to various causes such as 
decrease in the solubility of the dissolved elements in 
the melt pool during solidification etc., 
 
Since, a rough surface causes the entrapment of gas 
upon deposition of a new powder layer. When the 
new layer is scanned and the superheated gas expands 
rapidly removing the liquid metal above it, creating a 
pore. For Example[13], the effect of scanning speed 
on the relative density at three different layer 
thicknesses for AISI 316 stainless steel processed on 
a Concept Laser M3 Linear machine is presented in 
Figure below. At low scan speeds, the relative density 
is almost independent for the selected range of the 
layer thickness, and a maximum of 99% relative 
density is achievable.  It is to be noted that, at higher 
scan speed values, a higher layer thickness results in 
less density and vice versa 

 
Figure 3: Effect of scan speed on the relative density for AISI 316L stainless steel processed on a Concept Laser M3 
Linear SLM machine. 
Courtesy: Kruth Et Al[13] 
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Three types of scanning patterns are compared: uni-
directional, bi-directional or zigzag, and alternating 
strategy with bi-directional scan lines in which the 
scan lines are rotated 90° in each new layer and the 
latter strategy is found to provide the highest relative 
density as the risk for having un-melted zones 
between adjacent scan tracks is lower. The 
environmental processing conditions and the process 
parameters influence the attainable density. They are 
loose powder, Heat affected zone, Melt pool, 
Substrate, Laser beam, previously fabricated layers, 
Building on loose powder, Building on rigid substrate 
 
2.3.3. Surface Quality 
In Energy Deposition Methods, the surface quality is 
not only a primary concern to the users, but also a key 
issue in completion of the component during the 
fabrication. Since, this mostly depends on process 
parameters and if the optimized design demands 
precision finish to meet the load constraints, a 
number of surface modification technologies are 
available in the market including mechanical methods 
(abrasive sand blasting and machining), chemical 
processes (acid etching and oxidation) and thermal 
processes (plasma spray). The flatness of the top 
surface can be improved greatly by applying 
appropriate process parameters as well as adapted 
scanning strategies. 
 
2.3.4. Mechanical Properties 
The mechanical properties obtained with AM 
manufacturing processes are widely studied by many 
research groups in the world. In particular, the static 
loading capacity characterizations of parts including 
tensile strength, elongation and hardness. Mechanical 
properties become crucial factors defining the 
materials selection. 
 
Based on the available data sheets, published results, 
and the ongoing research it can be concluded that 
mechanical properties are comparable to those bulk 
materials apart from the ductility, which is lower in 
Energy beam parts. However, mechanical properties 
also depend on the microstructures obtained and the 
presence of defects in the final product. Regarding 
the mechanical properties many issues remain to be 
addressed among them are dynamic loading capacity 
(fatigue), properties at elevated temperature and the 
correlation between the mechanical properties and the 
microstructure.  
 
2.3.5. Toughness 
The ability of a metal to deform plastically and to 
absorb energy in the process before fracture is called 
toughness. The key to toughness is a good 
combination of strength and ductility. Toughness is 
one of the most striking examples of a structure-
sensitive property. Past findings imply that aging 
reduces the impact energy but increases the strength 
and hardness 

2.3.6. Microstructure 
Temperature gradient and the local heat transfer 
conditions determine the grain growth of a part, it is 
expected that changing the process parameters as well 
as the scanning strategy may affect the resulting 
microstructure. When the last layer is subjected to 
laser re-melting, a re-molten zone is formed. The 
thickness of this zone highly depends on the selected 
parameters, especially the scan speed and the laser 
power. The scan spacing factor changes the overlap 
between successive tracks but the depth stays almost 
constant. However, as the scan speed is decreased and 
laser power is increased, the re-molten depth becomes 
significantly higher. Another important observation 
from the microstructures is the densification of the re-
molten zone where a full density is achieved and no 
pore is encountered.  
 
2.3.7. Residual Stresses 
One of the major concerns in energy deposition parts 
when weight is reduced is residual stresses and 
distortion. Due to localized heating, complex thermal 
and phase transformation stresses are generated in 
these parts. In addition, frequent thermal expansion 
and contraction of the previously solidified layers 
during the process generate considerable thermal 
stresses and stress gradients that can exceed the yield 
strength of the material.  
Residual stresses can lead to part distortion, initiate 
fracture, and unwanted decrease in strength of the 
part. Accurate calculation and measurements of these 
stresses still remain a main concern. Thermal 
modeling is similar to energy beam processing 
techniques, but the powder characteristics and the 
scanning pattern of the laser beam also have to be 
taken into account.  
Part removal from the base-plate may drastically 
reduce the residual stresses which are present in the 
part. Therefore, when design optimization is 
performed, the part removal can benefit dually. If 
island scanning method is adopted, it reduces the 
residual stresses significantly. However, changing the 
island size does not contribute any further 
improvement, whereas the maximum reduction is 
achieved when the islands are oriented 45 degrees 
with respect to the x-axis. 
 
III. Design analysis: 
 
During the optimization phase analysis by applying 
the load constraints is required and the reduced part 
must satisfy and preferably outperform traditionally 
manufactured part. This analysis can be performed by 
any finite element analysis (FEA) softwares. 
Also, since design is complex and unique the general 
requirements of repair, maintenance and stowage 
dictate the structure of many main units held to other 
units by main or primary and secondary connections 
involving fittings, bolts, rivets, welding’s etc. 
Therefore standard fitting and lug design analysis (if 
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any) including the following strength checks must be 
performed 
For Bolts: 

a) Failure of bolt shear 
b) Failure of the bolt by bending 

 
For Bolt and Lug 

a) Failure in tension 
b) Failure by shear tear out 
c) Failure by bearing of bushing on plate 
d) Failure by bearing of bolt bushing 

 
CONCLUSION 
 
The strategical steps that have to be followed for 
design intent for weight reduction are density issue, 
surface quality, mechanical properties, 
microstructure, residual stresses and built up direction 
and grain orientation for additive manufacturing of 
the components. For design analysis, DFX and 
DFMA methods have to be implemented using the 
software tools like ANSYS, CATIA etc. 
Further work can be carried out by practically 
implementing these steps to any metal additive 
manufacturing of a component. Optimized 
components are expected to give an edge in weight 
ratio’s, cut down the energy costs. Since AM can 
deliver good surface finish for the components in less 
time, post processing costs and delays will 
minimized. 
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