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Abstract  

 

This document outlines the critical design details and timeline for the Design for Additive 

Manufacturing Senior Project sponsored by Solar Turbines, Inc. The scope of this project 

encompasses the redesign of two of Solar Turbineôs cast parts for metal additive manufacturing in 

order to minimize lead time, cost, and weight. With the overall objective of performing in-depth 

analysis exploring affordability & feasibility, this redesign process will aid Solar Turbines in 

expanding their knowledge of Design for Additive Manufacturing principles and enable them to 

further incorporate the use of additive manufacturing into their production processes. The first part 

that the team redesigned is a bracket arm, which the team optimized for weight and 

manufacturability. The team improved the bracket both by completely removing portions of excess 

mass and by incorporating internal lattice structures into the part. After completing the bracket part 

redesign, the team further developed their AM design process through working on the second 

partða thin-walled splash plate located in the combustion chamber which the team is using to 

study deflection in AM. The splash plate is currently in the critical design stage and ready for 

testing and validation. The team has run computer simulations modeling the part deflection and 

has successfully printed two copies of the part for quantitative comparison with the simulation. 

This document will provide further details as to the teamôs research, design concepts, and 

conclusions from both the bracket and splash plate redesigns. 
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1. Introduction  

 

Additive manufacturing is the official industry standard term (ASTM F2792) to describe all 

applications of the various technologies that build 3D objects using a process of adding layer-

upon-layer of materials. There exists a multitude of processes and material combinations 

throughout industry; however, this project will be focusing solely on metal additive manufacturing, 

specifically laser-powder bed fusion (L-PBF). L-PBF, as the name suggests, is the process by 

which a laser is used to melt and fuse powder material together. All L-PBF processes involve 

spreading a thin layer of metal powder, scanning specific areas with a high-energy laser, and fusing 

or sintering this layer to the previous layer. This process is continuously repeated until the final 

part is completed. This layer-by-layer method of construction allows for the manufacturing of 

complex shapes, intricate lattice structures, and functional assemblies that are not possible with 

traditional manufacturing processes. These capabilities allow for optimizations in design as well 

as production. 

The teamôs sponsor, Solar Turbines (ST), designs and manufactures industrial gas turbines for 

power generation and oil and gas industries. The project will be specifically receiving support and 

guidance from Jorge Hernandez, Dr. Peter Schuster, and Dr. Xuan Wang throughout its entirety. 

Jorge Hernandez, a Design Engineer at ST, will be the teamôs main point of contact with the 

company while Dr. Peter Schuster, a mechanical engineering professor, will serve as the main 

internal team advisor. Dr. Wang, a manufacturing professor with a specialty in additive 

technologies, will be an additional team advisor. 

ST currently uses many traditional forms of manufacturing such as near net-shape and subtractive 

methods to create most of their components. They have, however, been recently exploring the 

implementation of additive manufacturing in the production of lower-risk parts. Due to the 

relatively low-volume production of these components, ST aims to incorporate AM with the goal 

of potentially decreasing lead times and manufacturing costs, while also exploring the unique 

design space provided by additive manufacturing. 

This senior project team has been specifically tasked with redesigning two of STôs cast parts for 

additive manufacturing. This redesign process will involve technical and manufacturing analysis. 

The desired result is a part that meets the engineering requirements associated with the 

corresponding cast part while being less costly, minimizing lead time, and removing mass to 

decrease weight. Not only will this redesign aid in the production of two ST parts using additive 

manufacturing, but the process will also provide ST with a valuable benchmark upon which to 

base further part redesigns for additive manufacturing and provide valuable guidelines for Design 

for Additive Manufacturing. 

The team working on this project is composed of four Mechanical Engineering undergraduate 

students at California Polytechnic State University, San Luis Obispo: Michael Charonnat, Sam 

Noble, Leonardo Franco-Muñoz, and JP Purdom. 



 2 

Contained within this document are the project goals, background research, customer needs/wants, 

engineering specifications, design methodology, manufacturing results, a management plan with 

crucial milestones, and suggestions for future work. 
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2. Background 

 

The first few weeks of this project were spent gathering information about the project presented 

by ST with the intent of further understanding the issues ST is having with their current casting 

process. Through weekly meetings and extensive online research, a solid grasp of the task at hand 

was achieved. 

Die casting is one of the most common manufacturing styles for complex metal shapes in the 

modern day, due to its simplicity and reliability. In order to create a part, ST must create a model 

of the part and send it to a manufacturer, who will use the model to create a mold for the part. Once 

the mold is made, a gating system must be designed to allow all parts of the mold to be filled before 

the metal cools in order to ensure homogeneity. Once the molten metal has been poured, and has 

hardened, the part must then be machined to bring its contact points into the specified tolerance. 

The overarching theme in the casting process is that the method requires much very expensive 

tooling and long, drawn out lead times to produce a part [1]. This long lead time obstructs new 

product development, while additive manufacturing provides a much faster iteration cycle. These 

complications with castings are the central issues that Solar Turbines is currently facing. 

The alternative Solar Turbines has proposed is a two-part study on AM. The first part, a bracket 

arm will be redesigned and optimized for weight reduction, while maintaining stability and 

structure. The second part, a fuel injector splash plate, will be redesigned to optimize for minimum 

deflection.  

Due to the global pandemic, COVID-19, the final part of this project was changed to a software 

comparison for the design of thin parts for AM. This is still a relevant and useful final project 

outcome because it will allow Solar Turbines to make an informed decision on what software 

package to use for simulating and performing prints in AM. The software used for this process is 

important because an ineffective program can cause a lot of wasted time, money, and resources in 

failed prints. For thin parts, proper distortion prediction is crucial in the design process. More 

accurately predicting distortion allows for a compensated design and less post processing on parts. 

 

2.1 Design for Laser Powder Bed Fusion Research 

 

The team has read through many journal articles and various other sources in order to further 

understanding the method of metal AM used by Solar Turbines as well as by Cal Polyôs IME 

departmentðthe main goal being to identify the steps of the L-PBF process and to pinpoint all 

precautions that need to be taken in order to create the most uniform, quality part. This section 

gives a broad overview of the AM process while more specialized, in-depth explanations and 

design techniques will be discussed later in this report.  

The first step in the L-PBF process is selecting the correct size, shape, and distribution of powder, 

which determines packing density and sintering rate [5]. 

The next step is to orient the part. Orientation is possibly the most critical parameter of the AM 

process. Improper orientation can cause residual stresses that lead to non-linear tensile and shear 
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strength curves which can cause premature part failure, or simply cause the part to combust while 

printing [4]. Improper orientation can also cause incorrect surface finish, warping, long build time, 

and excessive support structures, leading to more post processing, which translates to increased 

part cost. Another orientation concern is part overhang angle. Overhang refers to material that 

extend outwards beyond the previous layer of print. Because AM is a layer-by-layer process, 

overhang angles less than 45° will require excess support structure. The team will also need to 

consider lattice structures and surface thickness; Netfabb additive manufacturing software will 

likely be used to help make these decisions, along with input from Dr. Wang. 

In addition to part orientation, the printing process takes hours of valuable time. If a part fails that 

is wasted time so ensuring the proper printer setup and part orientation is critical in making the 

best use of AM technology. Optimizing the part for printability includes considering the amount 

of material used in the print and how much post processing that will need to occur in order to finish 

the part. This is usually a trade off because usually when designing a part for minimal post 

processing, the print time will be longer because of tighter tolerances required. Inversely, one can 

design the part to have looser tolerances, which will then be cleaned up in the post processing. An 

example of this could be not printing a hole in a part to be cleaned up by a mill or lathe instead of 

printing that hole with tight tolerances to minimize the amount of finishing needed in the hole. 

After printing the part, the final step is post processing. In most cases, heat treatment is needed to 

increase ductility and further homogenize the part [1]. In addition, the support structures that were 

used during the printing process will need to be removed, and the surface finish will require 

examination. 

The team has conducted research and met with Professor Wang in order to decide the best 

orientation for the parts provided from Solar Turbines. 

 

2.2 Why AM?  

 

ñThe unique capabilities of AM technologies enable new opportunities for customization, very 

significant improvements in product performance, multifunctionality, and lower overall 

manufacturing costs.ò [2]  

From a design perspective, AM offers the following capabilities: 

¶ Shape Complexity: the ability to build virtually any shape or geometry 

¶ Hierarchical Complexity: the ability to control and manipulate structures on multiple size 

scales (microns up to centimeters) 

¶ Material Complexity: ability to process material one point or layer at a time 

¶ Functional Complexity: ability to consolidate assemblies, reduce components, and 

minimize assembly costs 
 

The effects and benefits of these capabilities extend into manufacturing and production. Without 

the constraints of traditional manufacturing, designers are free to create parts that can be produced 

more quickly, perform better, and yet weigh less. 
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Although the cost of a die casted part is difficult to estimate based on the teamôs current knowledge, 

general tooling for cast parts tends to be very expensive, not to mention the post machining 

necessary to bring contact points into the correct tolerance that requires labor cost and additional 

tooling cost [2]. The team estimates that the overall cost of AM parts may be higher than the cost 

of traditionally casted parts. However, this issue is offset by the weight savings and the speed of 

production that makes AM so attractive, specifically in new product development where geometry 

is constantly changing, and quick iterations are desired. 

One downside to AM is its limited mass-production rate, especially for large parts such as the 

bracket arm. Smaller parts can be stacked or oriented in such a way that many can be printed at 

once, but in general, AM is not a good choice for mass production.   

Solar Turbines has informed the team that their average lead time for the current part of interest is 

130 days. The team conservatively estimates that the same part could be printed and ready to be 

installed in several weeks. This lead time decrease would be of significant benefit to ST. 

Furthermore, the quality of AM parts is much higher than that of cast parts. Most contact points 

are in tolerance after printing, minimizing the need for post machining in that aspect. In general, 

L-PBF parts will have a higher yield strength and hardness than traditionally cast parts. However, 

they are often much less ductile (more brittle) due to rapid heating and cooling, which causes 

porosity and impurity within the part [6]. Adapting the design to reflect these differences is the 

key focus of this project. 

AM is also a very robust form of manufacturing in its ability to make incredibly complicated 

geometries without complex tooling. The ability to create a part layer by layer enables ST to 

consider many more design possibilities as they continue to rapidly innovate and grow. 
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3. Design for Mass Reduction 

 

The following section details the design for mass reduction objectives, design methodology, final 

prototype, and printing. 

 

3.1 Objectives 

 

Solar Turbines traditionally utilizes casting to manufacture a large portion of their metal parts. 

While casting is an effective method for mass-producing parts, casting processes often involve 

long lead times, require expensive tooling, and can be cost prohibitive in low volume productions. 

Thus, Solar Turbines would like us to perform in-depth analysis exploring the affordability & 

feasibility of 3D printing their cast parts and investigating how the utilization of additive 

manufacturing can reduce material, cost, and lead time while maintaining crucial mechanical 

properties. 

The overall design process for this project consists of two major phases, consisting of redesigning 

a bracket and a splash plate. Given this two-phase nature, this preliminary design report will focus 

solely on the first phase involving the redesign of the bracket part. A revised scope of work and a 

design report will be provided at a later date outlining the second phase of the project involving 

the redesign of the splash plate part. 

 

The bracket being redesigned in the first phase of the project is shown in Figure 1 below. 

 

Figure 1. Original part provided by Solar Turbines 

 

Figure 2 shows a visual representation of the defined problem. The boundary diagram in the figure 

is a useful tool because it is a different way of interpreting a problem and can help define a problem 

in more tangible terms. Encompassed in the dotted line border is the work needed to take the 

current problem and turn it into a solution. The diagram starts with a traditionally cast part, then, 
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research, calculations, analysis, and 3D printing are performed which results in the final product: 

a lighter, cheaper, and equally strong part. 

 

Figure 2. Boundary diagram used to define scope of problem 

 

3.1.1 Needs and Wants Table 

 

Through sponsor meetings and background research, the team made a collaborative effort to 

identify Solar Turbinesô specific wants and needs for the project. These specifications are depicted 

below in Table 1. 

Table 1. Needs and wants of Solar Turbines 

Needs Wants 

Minimize cost Desirable surface finish 

Maintain part functionality Easy to manufacture 

Maintain fit with other parts Minimize post processing 

Compliant with OSHA Minimize print time 

Maintain mechanical requirements and 

characteristics 

Minimize material usage 

Minimize scrap rate Minimize residual stress 

Minimize weight  

 

While not all the items in the ñWantsò column will necessarily be included in the final product, 

those specifications are still important secondary goals for the team. Everything in the ñNeedsò 

column will be a requirement for a successful part design. Whether or not a need or want makes 

it into the final design is entirely dependent on the situation and the value that specific need or 
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want can bring to the final part. The items in this list are not ordered in a specific structure. For a 

prioritized list, see the Quality Function Deployment (QFD) in Appendix A. 

 

3.1.2 QFD House of Quality 

 

The purpose of using a QFD is to properly understand and define the problem being solved. By 

separating multiple categories and relating them to each other, one can get both a small and large 

picture for understanding of the process. A QFD is created by first determining the customers. This 

projectôs customers include Solar Turbines and various technicians involved in the manufacturing, 

installation, and maintenance of Solar Turbineôs part. In the next step, one lists out the needs and 

wants of the projectôs customers and gives those items a weighting to determine importance of 

each need or want. Next, one defines how the needs or wants will be achieved. This process 

includes a specific characteristic or goal to go along with the specifications. The next section to be 

completed is the ñNowò section. This section examines the current products on the market and 

evaluates them against the needs and wants previously listed. This is a way to benchmark goals 

against other current products to see if your solution will improve upon the existing solutions. For 

this project, the current solution is the current cast part. At the bottom of the chart are some target 

values that give some of the specifications as more tangible and defined goals. For example, the 

weight specification has a target value of 18 lbs. Lastly, there is a roof structure on the top of the 

chart that relates the different specifications and determines whether there is a positive or negative 

relationship between the two. The teamôs QFD can be found in Appendix A. 

 

3.1.3 Specifications Table 

 

The desired specifications (taken from the QFD) for the final part can be found below in Table 2. 

In the compliance column, ñAò stands for analysis, ñTò stands for testing, ñSò stands for similarity, 

and ñIò stands for inspection. The specifications are listed below in greater detail. 

Table 2. Table of desired specifications  

Spec. # Parameter description  Requirement or target 
Toleran

ce 
Risk Compliance 

1 Weight 18 lbs. Max M  A, I 

2 Resonant frequency 250 Hz. +/- 10% H A 

3 Lead time 130 days Max M S, A 

4 Tolerance TBD (by customer) +/- M A, I 

5 Surface finish TBD (by customer) Max M A, I 

6 Density/porosity 0 (porosity) Max H A, I, T 

7 Max Stress 85% material yield strength Max H A, T 
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1. The first specification is the desired weight of the final product. The partôs weight will be 

determined both in the CAD software and on a scale once it has been printed. 

2. The second specification is a restriction on the resonant frequency of the final part. To be 

specific, the part cannot have a resonant frequency of 250 Hz. The part will be analyzed in 

software to determine its first modal frequency. 

3. Specification 3 is the lead time required to manufacture the part. This specification will be 

measured using similarities to other 3D printed parts and a test run of this specific printed 

part. 

4. Specification 4 is final dimensional tolerance the part should have. The tolerance will be 

measured as part of inspection. 

5. Specification 5 is the final surface finish the part should have. The surface finish will be 

measured as part of inspection. 

6. Specification 6 is the final porosity the printed part should have. Porosity will be verified 

with inspection, testing, and analysis based on research. 

7. Specification 7 is the final amount of tolerable stress desired by the redesigned part. 

 

3.1.3 Methodology 

 

The team crafted an organized approach to the problem which is listed below and then explained 

in greater detail in the sections to come. 

Å Understand fit, form, & function of the bracket 

Å Benchmark current design 

Å Conduct shape studies 

Å Investigate principles of design for AM 

Å Generate initial design concepts 

 

3.1.4 Fit, Form, & Function  

 

Before proceeding with any design work, the team gained a comprehensive understanding of the 

fit, form, and function of the proposed part. This process allowed the team, as designers, to identify 

as well as maintain the appropriate design constraints and requirements throughout iterations of 

the new designs. 

Fit refers to the all the features that are critical to mating within the partôs assembly. For this 

bracket, the team identified that locations and dimensions of the existing shaft ends and mounting 
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bracket arms must be preserved. In order to preserve part interfacing, these features must not be 

altered. 

Form refers to the existing shape, geometry, and composition of the part itself. While the team is 

tasked with preserving the original material (i.e. 316L Stainless Steel), the shape and geometry are 

free to change in order to accommodate metal additive manufacturing with a target mass reduction 

of 50%. 

Function refers to the use, purpose, and requirements of this part. The bracket must maintain its 

original form and function of adjusting the compressor veinsô angle to adjust airflow as the 

turbine ramps up during the startup process. This process involves a 500 lb load applied to one 

arm of the bracket which is then distributed to the other bracket arms as the bracket is actuated. 

Thus, any and all proposed designs must be able to serve the same purpose as the original. 

 

3.1.5 Benchmarking 

 

With a comprehensive understanding of the bracketôs critical features as well as general function, 

the team proceeded to benchmark and analyze the mechanical performance of the current cast part. 

This procedure was a crucial step in the teamôs process as it enabled the team to appropriately 

compare proposed designs to the original design using quantitative metrics. Given the static 

loading, operating frequency, and operating temperature the bracket experiences within its 

assembly, the mechanical performance criteria used in this analysis were the minimum Safety 

Factor (SF) as well as the first natural frequency. 

The team first began constructing a 3D model of the current part in SolidWorks, a CAD software, 

using dimensions provided by Jorge Hernandez. Following this step, static finite element analysis 

(FEA, in Fusion360) and modal analysis (in ANSYS Workbench) were conducted using a variety 

of geometric constraints and loading conditions. Results were gathered, interpreted, and tabulated 

in the following sections. Hand calculations using mechanics of materials fundamentals were also 

conducted for further validation. The results depicted large safety factors, predictable stress 

concentrations, and satisfactory first natural frequencies. The teamôs process of FEA and modal 

analysis are documented in detail in the following sections. 

 

3.1.5.1 Static FEA 

 

The team dealt with a variety of constrains and conditions in order to attain the most representative 

model of the part in loading. Two end constraint conditions were identified that could model the 

part. Both models are subjected to an operating temperature of 800ºF, and the temperature affect 

is included in both cases. The team felt that the optimal conditions that best represented the part 

were described by Case 1. Case 2 will be documented in Appendix C. Hand calculations for Case 

1 are also documented in Appendix D. 

The Case 1 model, depicted in Figure 3, shows the FEA results with the aft end of the part fixed 

in all directions, while the forward end of the part is pinned only in radial and axial directions. The 

results are tabulated below. 
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Figure 3. Case 1 FEA 

 

Table 3. Benchmark Max Stress Conditions  

Max stress 9.1 ksi 

Max surface stress 3.9 ksi 

Factor of Safety 3.2 

 

The maximum stress was found to be 9.1 ksi at the base of the largest bracket arm. The surface 

stress on the surface of the cylinder was 3.9 ksi. 

The ends show a higher than normal stress concentration due to thermal loading, but this condition 

is not alarming because the constraints on the physical model will have expanded due to the 

operating temperature as well. Both max stress and surface stress are significantly below the 

materialôs yield stress, leaving plenty of room for material removal and cost reduction. 

 

3.1.5.2 Modal Analysis 

 

The team utilized ANSYS to conduct modal analysis on the original part. To correctly model the 

constraints on the part, the team applied cylindrical constraints restrained in the tangential, axial, 

and radial directions to both ends of the part and to each of the holes in the vertical brackets. These 

constrains restricted movement at the ends of the shaft as well as the bracket arm attachment points, 

as shown in Figure 4. 
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Figure 4. Modal Analysis Constraints 

 

 

 

 

The results of the study are documented below in Table 4. 

Table 4. Modal Analysis Results 

Mode Frequency (Hz) 

1 550.7 

2 1180.1 

3 2086.3 

4 2330.9 

5 2741.0 

6 2942.9 

 

3.2 Structural Optimization & Shape Studies 

 

Following a detailed benchmarking process, the team began exploring methods of structural 

optimization and conducted various shape studies on the current part. Structural optimization, the 

discipline dealing with the optimal design of load-carrying mechanical structures, has become an 

increasingly important tool throughout the design process especially for Design for Additive 

Manufacturing (DfAM). Using primarily methods of topology (shape) optimization and 

generative design, the team was able to gain valuable insight into how the current part could be 
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optimized structurally while maximizing stiffness and minimizing mass. The teamôs procedure 

for these two methods is documented in detail in the following sections. 

 

3.3 Topology Optimization 

 

Topology optimization uses a computer algorithmic process to reveal the most efficient design 

based on a given set of constraints and criteria, both physical and geometric. Given the teamôs 

mass reduction of 50% and the design freedom of AM, the use of this study was a critical step in 

understanding where mass could potentially be removed from the current part. By removing 

excess material that is not critical to the performance requirements of the current design, the 

topology optimization software eventually guided the teamôs design direction and final design 

concept. 

The team used the topology optimization feature found in Autodesk Fusion 360. Using the same 

constraints and loading conditions depicted in the Benchmarking section of this report (4.2.1 

Static FEA), the team began adding additional targets and constraints within the software. One of 

the most critical constraints incorporated in this study was the definition of preserve geometry. 

The team clearly defined regions that were crucial in maintaining part fit and function. The team 

also set a desired target mass of 60% or below that would enable the software to qualitatively 

highlight the importance of certain mass regions. 

After compiling this study, the team was able to visualize and understand where mass could be 

removed from the current part and therefore, optimize for AM. The setup and results of this study 

are depicted in Appendix G. 

 

3.3.1 Generative Design 

 

The team could see obvious signs of how to optimize the part for weight but decided to implement 

a generative design software to ensure that all possibilities were being considered. This process 

consisted of entering the characteristics which the final product must meet, any and all constraints 

which the part is confined to, and the loading to which the part is subjected. These constraints are 

outlined in Appendix F. The software then began an iterative process that constructed a final 

product, as shown in Figure 5 below. 
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Figure 5. Generative design model  

 

The generative software gave the team an idea of how to eliminate stress concentrations by 

orienting the shaft more horizontally, decreasing the length of the protruding brackets. 

Unfortunately, orienting the shaft in this way would require additional support structures and 

possibly require printing in a different orientation. Changing print orientation significantly 

decreased the printability of the part and would require excessive post processing. With these 

factors in mind, the team opted not to follow the generative design path. While generative design 

was not ultimately used for the part, it was a helpful tool in the preliminary design process. 

 

3.4 Design for Additive Manufacturing 

 

3.4.1 Principles of Design for AM 

 

Throughout the entirety of the preliminary design process, the team conducted extensive research 

into the specific principles governing Design for AM. These principles were fundamental in 

defining a clear and logical design direction. Summarized below are some key insights. 

Design for AM Principles: 

¶ Build Orientation (most critical) 

o Affects part accuracy, build time, and surface finish 

¶ Support Structure Generation & Removal 

o Minimizing support material reduces part cleanup and post-processing 

o Too little support material can lead to part distortion/warpage and ultimate failure  

¶ Hollowing Out Parts 

o Reduces build time, mass, and material cost 

¶ Interlocking Features 

o Understand that there is a finite build volume  

o Parts may need to be divided into segments to fit and then manually assembled 



 15 

 

3.4.2 Design Direction 

 

With new direction in mind regarding orientation and printability, the team decided that the safest, 

most reliable print orientation was horizontally along the shaft with the brackets protruding 

vertically. The next step was to optimize the part for weight. There was a noticeable over-designing 

of the original part, which was validated by our benchmark FEA. The team opted to hollow out 

the main shaft and replace it with a lattice structure during printing. In addition, material was 

removed from the brackets. While this decision was based on engineering knowledge and 

experience, a topology study was conducted in order to validate these ideas. The results of this 

study validated the teamôs material removal decisions and can be found in Appendix G. Solidworks 

estimated a weight reduction of about 44%, bringing the parts weight down to an estimated 19.7 

lbs. 

 

3.5 Final Design 

 

3.5.1 Final Design Concept 

 

Through iteration and analysis, the team eventually reached a final product that both optimized 

weight and retained strength within tolerance. The final product, shown in Figure 6, was one the 

team hoped would be both easily printable and post-machinable. The team decided on a part that 

optimized weight, ensured structural stability, and could be easily post processed.  

  

Figure 6. Final optimized part 
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3.5.2 Final Design Validation 

 

After deciding on the most practical part, the team ran the same tests as during the benchmarking 

process to ensure the part maintained its structure and stability under fully loaded conditions. 

The FEA and modal analysis results are shown below. 

 

 

Figure 7. FEA on final part showing max stress of 11.08 ksi 

Validation FEA was conducted with the same constraints as Case 1 in the Benchmark FEA 

process to ensure consistency and credibility. Validation FEA results are tabulated below and 

compared to material Yield Strength. 

Table 5. Validation FEA Results 

Max Stress 11.1 ksi 

Yield Strength 24 ksi 

Factor of Safety 2.2 

 

The team maintains that a safety factor of 2.2 is sufficient for this part under operating 

conditions. 
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Below are the results of modal analysis conducted on the bracket part. 

 

Figure 8. Final Part Modal Analysis 

 

Table 6. Final Part Modal Analysis Results 

Mode Frequency (Hz) 

1 591.35 

2 1311.8 

3 2310.5 

4 2312.3 

5 2377.8 

6 2710.1 

 

The Modal Analysis results confirm that the final part will be well away from the operating 

frequency of the turbine and will not cause any vibratory issues during operation. 

3.5.3 Final Part Printing  

 

After deciding on the best part, the final step was to design it for AM. The teamsô design process 

is split into categories in the following sections. 
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3.5.3.1 Part Orientation  

 

The first step was deciding on build orientation. After a visit to Solar Turbines, the group gained 

insight from manufacturing engineers that suggested the part be printed in the way that it is 

shown in Figure 6: horizontally with all brackets oriented vertically. This would allow the part to 

be cut directly off the printing plate and eliminate the need for support structures on the outside 

of the part. 

 

3.5.3.2 Part Latticing  

 

The next step was to lattice the part in an additive manufacturing software called Netfabb to 

prepare the part for printing. This process proved to be quite challenging and required the team 

to change the structure of the part from a singular part to an assembly of smaller parts, which 

would make the latticing process much easier and more effective. The team wanted to design the 

part to be almost completely free of support structures, so choosing a lattice that did not exceed 

overhang angles was essential. After investigating many lattice structure options in Netfabb, the 

team eventually found a lattice structure that would not require any additional support structures 

and would enable the lattice to act as the support structure for the printing of the shaft. Lack of 

overhand angles in the lattice was an essential part of this lattice selection process. The team 

determined that the lattice structure would only add around 1 pound to the overall part and would 

not require removal. Furthermore, the lattice would also add stiffness to the shaft, compared to a 

completely hollow shaft, and thus have a higher first modal frequency than a hollow part. The 

lattice structure is depicted in Figures 7 and 8. 

 

 

Figure 9. Cutaway View of Latticed Part 
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Figure 10. Internal Lattice Structure 

 

3.5.4 PLA Test Print  

 

The team decided to test print a section of the part on campus to ensure the latticing would not 

cause any issues. One concern with the latticing was the print orientation and over-hang angle. 

Printability was a concern but by making sure the over-hang angle of the latticing never 

exceeded 45 degrees, the test print verified the presumption that this orientation would result in a 

successful print. The results were reassuring, as the part printed successfully, as shown in Figure 

9. 

 

Figure 11. PLA Test Print 



 20 

3.6 Metal Printed Part  

 

3.6.1 Metal Print  

 

Following a successful test print using PLA and approval from Solar Turbines, the team went 

forward with printing a section of the part in stainless steel 316L. The team generated the 

appropriate mesh files for printing and these files were sent to Solar Turbines to be printed in-

house using their Concept Laser M2 machine. In late January 2020, Solar Turbines informed the 

team that two copies of the part were printed successfully without any complications. The two 

copies are depicted in the figures below. 

 

As can be seen on the cylindrical portions of the parts, the resolution of the STL files was coarse 

and produced rough surfaces instead of smooth contours. While large STL file sizes will  be a 

challenge, future printing of the bracket should involve higher resolution STL files for optimal 

results. 

 

 
 

Figure 12a. Brackets Printed in 316L Stainless Steel 
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Figure 12b. Brackets Printed in 316L Stainless Steel 

 

3.6.2 Final Validation &  Future Work  

 

In late February, the team received the final printed metal brackets from Solar Turbines. Upon 

initial inspection, the print was successful although a low mesh resolution was evident in the 

printing of the main cylindrical shaft. Had the team been able to provide a higher resolution meshed 

file, these results would have improved. However, the print does still serve as the culmination of 

the teamôs proof of concept. 

Unfortunately, the global pandemic caused by COVID-19 interrupted the teams plans to perform 

any high-level analysis and validation or testing. Because of the virus, all campus facilities were 

closed to students for the final third of the project timeline. At the time of the shut-down, the team 

was beginning to develop preliminary test methods and learn about tools for validation. Based on 

the information they were able to gather, the teamôs preliminary plans that would have been 

conducted to verify the parts fit, form, and function include the following: 
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1. Post Processing ï Post-machining or electrical discharge machining (EDM) and a finishing 

process (such as filing or sanding) would need to be used in order to remove the support 

material supporting the underside of the cylindrical bracket base and smooth the curved 

surface. This material is identified in Figure 11b below. 

 

 
Figure 12c. Support Structure Needing Removal 

 

2. Shake Table ï In order to verify the results of the modal analysis conducted in section 3.2.2 

Benchmarking, the bracket section would need to be tested on a shake table. An ANSYS 

modal simulation on the bracket section would need to be run first to obtain a predicted 

resonant frequency. Then, this testing would be carried out by constructing a fixture which 

would be used to securely attach the bracket to the shake table. The table would then be 

shaken at the operating frequency of 250 Hz and at a +/- 10% range around that frequency 

to ensure that the bracket section does not have a modal frequency in this range. Lastly, 

when the bracket is completely assembled, more complete shake table test should be 

conducted on the entire assembled bracket. 

3. Metrology ï The final last method of form verification will be measurement based. The 

first step is to use either a laser scan or cameras to generate a point cloud which can then 

be overlaid on top of the original 3D model on a computer to observe any distortion or 

differences between the printed part and the designed model. Significant distortion in the 

print is not expected since it does not have thin members, but distortion should be checked 

for. Secondly, the horizontal distances between the bracket arms should be measured to 

Support 

Structure  
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check for proper spacing. These locations are important since they interface with the 

clevises and rods that connect the bracket to the outside of gas turbine. 

 

  



 24 

 

4. Design for Warpage Compensation in Thin-Walled Members 

 

4.1 Background & Objectives 

 

This section details the background and objectives for the section of the project focusing on 

design for warpage compensation in thin-walled parts. 

 

4.1.1 Residual Stress & Warpage 

 

Thermal stress is one of the most unfortunate consequences of the metal additive manufacturing 

process. These thermal stresses are often unavoidable as they are caused by the extreme 

temperatures created by the large amount of energy deposited to rapidly melt or sinter the fine 

metal powders. When these metals are heated, the kinetic energy of their atoms and molecules 

increases causing them to move at much higher rates. This causes the average distance between 

the atoms to increase. This physical phenomenon is known as thermal expansion. When certain 

areas or sections of a print are exposed to these high temperatures as the energy source traverses 

the build area, the metal powder melts and expands forming a melt pool. As this melt pool cools, 

temperature gradients between different areas of the print volume are created. Uneven cooling in 

these different areas forces some regions to contract and others to expand. This ultimately results 

in the development of thermal stress, distortion, and warpage. 

 

In order to reduce unwanted shape change, residual stress, and distortion, engineers carefully 

model and simulate the complex thermal effects that occur during the printing process. Through 

the variation of certain processing parameters, such as laser power, scanning speed, hatching 

distance, and particle size, defects in printed parts can be mitigated. Furthermore, compensating 

or modifying the CAD geometry of a part prior to printing through the implementation of 

simulation software is yet another possible solution. These compensated or pre-warped geometries, 

rather than warping undesirably, use the inherent warpage to distort back into the intended original 

shapes.  
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4.1.2 Objectives 

 

The goal of this portion of the project was to accurately simulate the warpage of a thin-walled AM 

part and develop a warpage factor for the deflection. This warpage factor could then be used to 

compensate for the distortion caused by the printing process. 

 

To research and analyze this subject, ST recommended that a case study be carried out on a curved, 

thin-walled part, called a splash plate. Given its thin-walled design and curved geometry, the splash 

plate was prone to warpage when printing and was expected to provide relevant results when 

analyzed. 

 

Two design paths were originally considered for the splash plate. The first path was to develop a 

geometrical compensation for the splash plate warpage and pre-warp the geometry file prior to 

printing. Then, the compensated part would deflect into its proper shape while printing. The second 

option was to add additional structural support members, such as ribs running along the part, to 

help increase part stiffness. 

 

4.1.3 Splash Plate Case Study 

 

The splash plate part is housed in the combustion chamber of one of STôs gas turbines. A ring of 

splash plates encircles the entrance to the combustion chamber and facilitates fuel injection. A fuel 

injector is seated on a grommet inside of the inner rim of each splash plate and introduces fuel into 

the combustion chamber, as can be seen in the two figures below. It is essential that each splash 

plate be manufactured carefully so that the plate fits correctly into the assembly and interfaces 

smoothly with the surrounding plates. The splash plate has traditionally been manufactured using 

nickel alloys due their superior performance and oxidation resistance at high temperatures. The 

figures below show the splash plate and its location in the gas turbine assembly. 

 

 
Front View Rear View 

 

Figure 13. Splash Plate Part 
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Figure 14. Splash Plate Location in Combustion Chamber 

 

 

 
 

 

Figure 15. Detail Cross Section of Splash Plate Assembly 
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The figure below details the dimensions required for the splash plate part. 

 

 
 

Figure 16. Dimensions for Splash Plate Part 

 

4.1.4 State of the Art (Prior Sponsor Work) 

 

Prior to the teamôs work on the splash plate, Solar Turbines preformed research into the printability 

and distortion of a similar splash plate. Solar Turbines was able to simulate the printing process of 

the splash plate in various orientations to determine the most optimal configuration that would 

minimize warpage. Once this iterative process was finalized and a print orientation was specified, 

Solar Turbines proceeded to print this part. 

 

Following printing, Solar Turbines was able to qualitatively match the simulated distortion with 

the actual printed part distortion. Despite the regions of warpage being similar in location, the 

deflection magnitudes did not match. 

 

The team spoke with the engineer who led this preliminary research to gain further insights into 

Solar Turbinesô process and his recommendations for future work. His recommendations centered 

around the improvements of the material model used to simulate the print process, the fine tuning 

of printing parameters using a scaled model and conducting a sensitivity study using different mesh 

densities in the simulation. 
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4.2 Methodology 

 

The teamôs initial methodology and process was comprised of two phases: 
 

1. to design for compensation of deflection of the thin-walled splash plate part 

2. to develop a general design approach for thin-walled parts manufactured with AM.  

 

This process development would aid Solar Turbines in both the current splash plate and future 

thin-walled part design. In order to accomplish these objectives, Autodesk Netfabb Simulation 

2020 software was used to run simulations of prints with specific materials, printing machines, 

and print settings to predict deflection results in parts.  

 

Netfabb software offers promising simulation and compensation capabilities that are able, post-

simulation, to generate an essentially pre-deflected STL file that will deflect to the desired 

geometry. Ideally, ST would be able to use Netfabb software to simulate printing deflection results 

and print compensated STLs to solve deflection issues. While Netfabb software claims the 

previously mentioned abilities, verification of the softwareôs accuracy and documentation of 

simulation processes were needed for ST to have confidence in the software and achieve accurate 

printing results.  

 

The team planned to first run numerous simulations using Netfabb to determine the optimal print 

orientation. With a print orientation selected, a physical part would be printed in 316L stainless 

steel using an SLM 125 printer in Cal Polyôs additive manufacturing lab. The dimensional 

accuracy of the printed part would then be quantitatively compared to the deflection predictions 

of the Netfabb simulation. Ideally, these results would then be used to determine a compensation 

factor that can be applied to the part geometry prior to printing to guarantee that certain geometric 

and dimensional tolerances are met. Using this compensation factor, a compensated STL can then 

be generated, physically printed, and assessed to determine effectiveness of the factor as well as 

the simulation capabilities of Netfabb. These results would guide further investigation into 

developing a process by which deflection could be accurately predicted using Netfabb and 

properly compensated for. 

 

In working on simulation studies, the team decided to begin with a simplified, half-scale splash 

plate model for preliminary simulations, printing, and assessment. Once a model was developed 

based on the half-scale results, the model would be tested on the full-scale splash plate for 

verification with simulation and printing. Below are images of the simplified splash plate 

geometry. 
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Front View Rear View 

 

Figure 17. Simplified, Half-Scale Splash Plate Part 

 

 

The team used the thesis of a Cal Polyôs masters student, Sebastian Pohl, as a guideline to 

determine the methodology described in this section. Pohlôs depiction of his workflow when 

dealing with part compensation is shown below. 

 

 
Figure 18. Workflow for part compensation [Pohl, 2019] 
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4.3 Netfabb Simulation  

 

Netfabb Simulation is a thermo-mechanical simulation software for powder bed fusion processes 

to predict distortions due to internal stresses. To reduce the runtime of each simulation, it was 

developed as a multi-scale simulation, meaning parameters are first simulated on a detailed small 

fine-scale and the results are later applied on the final geometry (Autodesk, 2018). 

 

Machine process parameters, such as laser power, and material properties, such as thermal 

conductivity, are used in conjunction to produce a Process Parameter File (PRM) which is 

unique to the specific material and process parameter combination. This PRM file, along with the 

part geometry, are first inputted into a heat transfer analysis to determine the temperature history 

of the part at any given location and time. These temperature predications are then fed into a 

mechanical response calculation to calculate the deformation, stress, and cracking of the part 

during the entire build process. These results allow for engineers to simulate, validate, and iterate 

the print process to prevent print failure, warpage, or lack of fusion. The described software 

workflow is illustrated in the figure below. 

 

 
Figure 19. Netfabb Simulation workflow [Autodesk, 2020] 

 

 

4.3.1 Netfabb Simulation Utility  

 

After discussion with Dr. Wang, Netfabb Simulation software was selected for running real-time 

deflection printing simulations. The team originally began with Netfabb Premium 2020 but 

ultimately found that Netfabb Local Simulation Utility was the correct software for running the 

simulations 

 

4.3.2 Netfabb Simulation Process 

 

The following discussion discusses the approach to setting up and runing the splash plate 

simulation in Netfabb Simulation Utility. A more detailed step-by-step procedure is outlined in 

Appendix I. 
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The process began with the team investigating the operation of Netfabbôs Additive Manufacturing 

Simulation Utility. The simulation interface is shown in Figure 19 below. 

 

 
 

Figure 20. Netfabb Additive Simulation Interface 

 

The first step to setting up a simulation is to import the part geometry in STL file format. Material 

properties are then inputted using the Materials menu on the toolbar. For the SS 316 specifically, 

a new material definition needed to be added since SS 316 was not included in Netfabbôs default 

list of materials. The most effective method for entering new material properties into Netfabb is to 

import a properly formatted .txt file detailing the material properties (further information on this 

formatting is given in Appendix H). The .txt file can be imported by clicking on the ñImport New 

Materialò button in the materials menu as shown in the following figure. 
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Figure 21. Adding New Material Properties 

 

The next step is to enter print parameters using the Processing Parameters menu. These parameters 

include laser power, travel speed, and layer thickness and are unique to the printer being used. 

Netfabb compiles the parameters into a singular parameter file, a PRM file, as seen in the figure 

below. 

 

 
 
























































































































