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Integrated manufacturing systems, a combination of subtractive, additive, and joining 

processes, provide a competitive advantage for manufacturing organizations. As product 

designs become more complex and capital more scarce, an ideal combination of advanced 

manufacturing technologies (e.g., powder bed fusion or friction welding), in tandem with 

traditional subtractive manufacturing systems, can optimize the production of high-value 

products. However, adoption of advanced additive and joining processes (AAJPs) on a 

large-scale has been obstructed by technical and economic barriers. Techno-economic 

analysis is a tool that can help justify the large-scale implementation of integrated 

manufacturing systems, and realization of potential cost and performance efficiencies. 

Consequently, a methodology has been developed to understand the impacts of competing 

manufacturing decisions for AAJPs. The approach has been further developed and applied 

to a case study for aerospace applications. Major contributions include development of 

integrated process selection algorithms and cost analysis models. Results demonstrate the 

feasibility of this strategy to evaluate competing advanced manufacturing technologies. 
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1 GENERAL INTRODUCTION 

Traditional subtractive manufacturing systems rely heavily on the removal of material, 

unnecessarily increasing the cost of producing monolithic parts with complex design 

features. Manufacturing organizations are searching for new methods to produce high-

value components, such as advanced additive and joining processes (AAJPs). AAJPs 

enable the rapid assembly of near-net machining preforms from a wide-range of readily 

available raw material shapes – minimizing the amount of material needed and level of 

subtractive processing required. 

Integrated manufacturing systems, a combination of subtractive methods and AAJPs, 

can help address current and future challenges. However, without knowledge of how best 

to utilize AAJPs, organizations are hesitant to commit to capital. Therefore, the objective 

of this research is to provide practicable insights into the use of AAJPs, including 

development of a conceptual process planning (CPP) information model and cost 

evaluation tool for AAJPs. The evaluation tool is applied to a representative case study to 

investigate the potential feasibility for large-scale adoption of AAJPs, which includes 

identification of techno-economic entry-points and improvements for existing process 

capabilities. This thesis started as a research effort to explore the economic implications of 

applying advanced joining and additive manufacturing on metal aerospace parts. 

The goal of this thesis is to develop an evaluation method to help engineers rapidly 

understand the techno-economic impacts of manufacturing decisions when deciding 

between subtractive, additive, and joining processes. Based on design information, 
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manufacturing process plans are developed, which require the selection of raw material 

forms and manufacturing processes required. Subsequently, cost models, based on various 

design, material, and process inputs were developed to evaluate the viability of the 

manufacturing process plans. The developed process plans are compared with each other 

and with traditional subtractive-only process plans. This output can assist engineers in 

making rapid decisions concerning competing manufacturing processes. At a detailed-

level, process plans can guide design or production planning activities. At a high-level, 

conceptual process planning can provide financial justification and be used to identify 

technical entry-points for large-scale adoption of new manufacturing processes.  In 

developing this thesis, the author learned to apply conceptual process planning methods, 

manufacturing cost estimation techniques, and investigate the application of advanced 

manufacturing process based on a real world application. 

 Chapter 2 covers the development of the conceptual process planning methodology 

for AAJPs and simple cost estimation models. The chapter develops the method and 

develops a small case to examine validity of the approach. Chapter 3 expands and refines 

the methodology based on the identified limitations, and develops new detailed cost 

models. The selection algorithms and estimation models are integrated into an evaluation 

tool, which is applied to a representative case study that explores potential aerospace 

applications. Chapters 2 is being prepared for submission to the Journal of Manufacturing 

Systems (JMS), and Chapter 3 is being prepared for submission to the International Journal 

of Production Economics (IJPE). Lastly, Chapter 4 discusses the general conclusions 

drawn from the results of both papers along with a list of contributions and proposed future 

work.  
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2 DEVELOPMENT OF A TECHNO-ECONOMIC ASSESSMENT 

METHODOLOGY FOR ADVANCED ADDITIVE AND JOINING 

PROCESSES 

2.1 Abstract 

Integrated manufacturing systems, a combination of subtractive, additive, and joining 

processes, provide a competitive advantage for manufacturing organizations. However, 

adoption of advanced additive and joining processes (AAJPs) on a large-scale has been 

obstructed by technical and economic barriers. Techno-economic analysis is a tool that can 

help justify the implementation of integrated manufacturing systems, and realization of 

potential cost and performance efficiencies. Consequently, a methodology has been 

developed to understand the impacts of competing manufacturing decisions that involve 

AAJPs. Research tasks include the development and application of a conceptual process 

planning (CPP) methodology for AAJPs, including the formulation of a process selection 

algorithm and activity-based cost estimation model. The methodology was applied to 

demonstrate the feasibility of this approach for evaluating competing advanced 

manufacturing processes. Results include the development of cost-optimal process plans 

that utilize a novel combination of near-net material forms and additive and joining 

processes. Findings indicate the potential for significant cost savings and also identify 

immediate applications for integrated systems, particularly in complex design and 

performance driven sectors, like aerospace and automotive industries. 
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2.2 Introduction 

For most of the last century, a prevalent method for the production of high-precision metal 

components has been subtractive manufacturing. Subtractive manufacturing can be defined 

as any mass-change process that creates three-dimensional objects through the repetitive 

removal of material from a solid “block” of metal usually by mechanical, electrical, or 

chemical means [1]. Mechanical removal of material is often performed on a computer 

numerical controlled (CNC) machine using hardened cutting tools. A significant amount 

of time is spent removing material, especially when the part is large or has a complicated 

design. To reduce the cost of material and time required for subtractive manufacturing, 

forming methods such as bending, rolling, forging, drawing, and extrusion are used to give 

raw material shape and produce different preforms, which is the starting point for material 

removal. Utilization of near-net preforms reduces machining time and the overall cost of 

the finished component. However, while the improvement of current subtractive methods 

and development of new methods continues, improved joining and new additive processes 

like friction welding and 3D printing have also been developing. ASTM (F2792) defines 

3D printing, or additive manufacturing, as “the process of joining materials to make objects 

from 3D model data, usually layer upon layer, as opposed to subtractive manufacturing 

methodologies” [2].  

Consolidation, or joining, processes can be defined as techniques used to connect two 

individual components by mechanical, chemical, and/or thermal means [1]. Advanced 

additive and joining processes (AAJPs) can therefore be defined as all types of 

consolidation processes1 that coherently bind individual subcomponents of material, 

                                                           
1 assembly of smaller objects into a single product [3] 
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ranging from very thin layers to macro-sized structures, in order to fabricate larger 

components with specified geometries or properties. 

2.2.1 Monolithic Components 

A monolith is a part that is created as one piece such that it has no distinguishable 

subcomponents. Starting with a solid block, which can take on various forms, material is 

removed using high-speed cutting tools. Also known as “hogging-out” a blank, this process 

can be very lengthy and costly depending on part complexity and machine capability, with 

a large portion of the starting block (i.e., machining preform) ending up as manufacturing 

waste (metal chips). Additional capital also increases cost and generates waste, including 

cutting tools that need to be replaced frequently, and other resources such as fixtures and 

cutting fluids.  

AAJPs have the potential to improve the overall effectiveness of monolithic 

component manufacturing. Advanced additive and joining methods can be used to join 

various types of raw material forms into single, near-net shape, assemblies. Machining 

preforms that are close to the shape of the finished component, thus reducing the time 

required and waste generated due to subtractive manufacturing. Complex geometry that 

either takes too much time to produce or is impossible to machine can be fabricated via 3D 

printing, which places no constraints on design freedom [4]. AAJPs therefore have the 

potential to reduce the amount of material and machining time needed for manufacturing, 

reducing the overall cost of production. Furthermore, the ability to rapidly fabricate any 

geometry from a set of basic stock forms (blanks) enables more agile production systems, 

reducing lead-time and increasing sensitivity to supplier and customer demand.  
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The production of large monoliths requires large, mechanically uniform and 

metallurgically sound pieces of raw material, which are difficult to produce. For example, 

while smaller (less than 50 kg) pieces of raw titanium (Ti) are common, larger pieces of 

stock material are difficult to find due to the high amount of residual stress they experience, 

decreasing fatigue strength and other mechanical properties, and finished product quality. 

This also means it takes much longer to produce larger monoliths, which may not be 

possible to reliably produce at economies of scale. It has been found that near-net 

assemblies produced using linear friction welding are metallurgically sound and at least as 

strong as the composing material(s) [5]. 

2.2.2 Research Objectives 

Given the potential benefits of AAJPs, a methodology is needed to develop a 

techno-economic justification for the utilization of AAJPs in combination with, or in place 

of traditional subtractive methods. In this sense, “techno” analysis implies that the selection 

of processes should be guided based on current technological capabilities and limitations, 

while “economic” analysis implies that engineers and other decision makers must be 

cognizant of the costs of producing a given component in addition to other performance 

metrics (e.g., material utilization and process time). 

The objective of the research presented herein is to develop a techno-economic 

analysis methodology for the production of monolithic components using a combination 

of subtractive methods and advanced additive and joining processes. The goal of the 

methodology is to determine the lowest cost manufacturing plan when a combination of 

subtractive methods and AAJPs are applied to a given set of raw material forms, and 

whether the manufacturing plan has total costs lower than those using only subtractive 
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methods. Several tasks have been identified to create this methodology. The first task 

requires the development of a process selection algorithm that generates alternative 

manufacturing process plans, including a set of possible materials and processes required. 

The second task requires the development of cost analysis models to estimate the 

production cost of each possible pathway, including the cost of materials, labor, energy, 

tools, and machines. The third task involves the integration of the selection algorithm and 

the cost analysis models, developed in the first two tasks, and the application of the 

methodology to evaluate a part design. A final task is the completion of a case study based 

on available data to demonstrate the practicability of this approach. 

When applied, the techno-economic analysis methodology developed can provide 

insight into the impact (production cost) of early manufacturing decisions (materials and 

processes selected) to assess the feasibility of implementing AAJPs. Specifically, the rapid 

evaluation of alternative manufacturing plans can be used to ascertain cost-effectiveness 

for a given design. Subsequently, searching for the optimal manufacturing plan will 

provide insight into whether the use of AAJPs (partially, completely, or not at all) would 

lower cost of manufacturing a given product. With the recent swell in the interest in 

additive manufacturing, finding the “sweet-spots” for implementation can help guide the 

decisions of an industry seeking to adopt and develop these new manufacturing processes. 

The remainder of this paper is organized as follows, the next section provides a 

summary of state-of-the-art methodologies for manufacturing process selection and cost 

estimation. These topics are not new, thus, research gaps and opportunities for development 

were identified in the context of AAJPs. The subsequent sections describe the development 

of the methodology for process selection and AAJP cost modeling, develop experimental 
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scenarios, present results, and discuss implications. Namely, the validity of using this 

approach to ascertain the feasibility of producing monolithic components using AAJPs.  



9 
 

 

2.3 LITERATURE REVIEW AND BACKGROUND 

In order to evaluate the manufacture of monolithic components using AAJPs in tandem 

with subtractive methods, the set of appropriate material forms and flow of processes that 

can produce the final component design must be developed. After identifying the entire set 

of possible “manufacturing plans” the recurring cost of production can be estimated. The 

development and evaluation of manufacturing plans requires selecting input material forms 

and manufacturing processes, and cost estimation. A significant amount of research has 

been devoted to manufacturing process selection and cost evaluation and spans nearly 

twenty-five years in the realm of advanced manufacturing techniques.  

The research literature reporting manufacturing process selection methods can be 

divided into two primary categories: computer-based systems and conceptual selection 

methods. Additionally, advanced additive and joining processes are reviewed and related 

research is discussed. Finally, techno-economic analysis methods and cost estimation 

techniques are presented. The methods and techniques reviewed form the basis for 

methodology that has been developed. 

Most computer-based manufacturing process selection methods reported are 

interactive and require large databases with reliable process data.  Various methods such 

as artificial intelligence and multi-attribute decision models are used in conjunction with 

databases to search the space of compatible material and manufacturing process 

alternatives for an optimal solution. Examples of such work can be found Dargie et al. [6], 

Yu et al. [7], Giachetti [8], Zha [9].  These systems share common qualities, such as 

requiring manufacturing databases, identifying geometric and process selection 

characteristics, cost estimation, and methods for ranking alternatives. However, the scope 
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of these systems programs are limited by their databases, which contain only information 

specific to an intended application. This limits their extensibility and requires development 

of a new tool for each application.  

Conceptual selection methods guide the development of selection tools, such as 

those mentioned above. These selection methods describe how design attributes are linked 

to processes capabilities, which produces a sequence of processes able to transform raw 

materials into the specified final product. Estimation methods quantify the subsequent 

relationships between input parameters and material/process properties. The variations in 

relative costs between potential solutions represent the trade-offs between alternative 

manufacturing processes and materials.  

Feng and Song [10] developed an information model for conceptual process 

planning to define the interfaces between computer-aided design (CAD) and computer-

aided process planning (CAPP). Along with tolerances and other engineering requirements, 

the conceptual design provides input for the system. A representational model was 

developed using unified modeling language (UML), which requires determining 

manufacturing processes, selecting manufacturing resources, and estimating 

manufacturing cost and time. Design attributes are linked to a hierarchy of process 

information and determine process time and cost rates, which help calculate total 

production cost. Manufacturing processes (e.g., forging and machining) are selected based 

on conceptual design information, such as material, form, structure, and tolerances [10]. 

Other examples of conceptual process planning methodologies include Allen and Swift 

[11], Lovatt and Shercliff [12], [13], and Esawi and Ashby [14]. 
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While the development of conceptual process planning methods and computer-

based selection tools is not a new topic of interest, the inclusion of advanced joining 

methods represents a novel challenge. 

2.3.1 Advanced Joining and Additive Processes 

AAJPs can be defined as all types of consolidation processes that can be used to 

irreversibly connect individual subcomponents of a larger monolith, ranging from very thin 

layers to macro-sized structures. Thus, larger functional products can be fabricated with 

specified geometries or properties using mechanical, electrical, chemical, or 

thermophysical means.  

2.3.1.1 Friction Welding 

According to the American Welding Society, friction welding can be defined as, “a 

solid-state joining process that produces coalescence of materials under compressive force 

contact of workpieces rotating or moving relative to one another to produce heat and 

plastically displace material from the faying surfaces.” Friction welding reliably produces 

high quality welds for a wide range of materials with varying compositions [15]. There are 

four types of friction welding: rotary, linear, orbital, and friction-stir. A machine drives the 

formation of bonds through the conversion of mechanical energy and relative motion [15]. 

Key process parameters include frequency, maximum displacement, burn-off distance, 

rubbing velocity, forge pressure and time, and the coefficient of friction (affects weld 

formation rate) [5], [16]. Although the process has been used by industry since the 1950s, 

the high cost of machines has limited widespread adoption, except for niche applications 

in aerospace engine design (e.g., turbine blades) [15]. 
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In rotary friction welding (RFW), one component rotates at a high velocity while 

the other remains fixed. There are two types of RFW, direct drive (requires a continuous 

source of energy) and inertia drive (energy is stored in a flywheel). In linear friction 

welding (LFW), one component oscillates in a plane perpendicular to the direction of the 

contact surfaces at a high frequency, while the other component remains fixed. In orbital 

friction welding (OFW), “the center of one component relative to the other component is 

translated around a 2D curve” [15]. In friction-stir welding (FSW), a consumable tool 

rotates at a high velocity between two thin sheets of material placed side-by-side on a flat 

surface. Importantly, RFW is unable to join non-circular cross-sectional areas and is 

problematic due to non-uniform heating at bonding interfaces. OFW and FSW are only 

useful for certain component geometries. LFW, however, can join non-circular 

components and generates more uniform heating at bonding interfaces. 

Friction welding is able to produce full strength, airtight welds across all joint 

interfaces, enabling the manufacture of defect-free monolithic components with 

homogenous properties [15]. It is also able to reliably join dissimilar materials, with no 

issues in bond strength [16]. While published friction welding cost models were not found, 

Li et al. [17], Maalekian [15], and Uday et al. [16] provide a detailed review of friction 

welding processes, including current process capabilities, cost drivers, and other technical 

data useful for cost modeling. 

2.3.1.2 Additive Manufacturing 

Additive manufacturing (AM), or 3D printing, processes selectively place material 

where needed, enabling the production of components with nearly infinite degrees of 

freedom [4]. Starting with a digital 3D representation of the component, additive 
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manufacturing systems are capable of utilizing polymers, paper, ceramic, metal, 

composites, and other materials to fabricate near-net shape parts. Different materials and 

binding processes are utilized, but usually a ceramic, nylon, or metal powder is used as a 

base and then fused into the pattern for the desired layer geometry. This eliminates the need 

for individualized molds or subtractive processes usually found in traditional 

manufacturing methods. However, technical issues, such as poor interlayer bonding, slow 

deposition rates, limited build envelopes, and poor mechanical properties, present a 

technical barrier for adoption [18]. Unlike traditional processes, where manufacturing cost 

per part decreases in direct proportion to production volume, the cost per part for additive 

processes does not usually vary [4].  Current additive processes suffer from slow 

production rates, preventing high-volume production.  

2.3.2 Techno-Economic Analysis and Cost Estimation Techniques 

 Techno-economic analysis (TEA) is a method to evaluate new technology for 

integrated product and process development. Understanding the cost-benefits of a potential 

process can minimize risk, lowering the barrier for investment and large-scale adoption 

[19]. Evaluating techno-economic practicability is especially useful when introducing new 

processes into an existing manufacturing system. Given the large variability in goals, TEA 

does not follow a strict format – it is only a framework for developing an economic 

assessment. Each TEA needs to be tailored to the goals of the assessment and the 

requirements of the applications that are being compared [20].  

Karunakaran et al. [21] described the techno-economic analysis of a hybrid layered 

manufacturing (HLM) system. HLM is a combination of arc welding and subtractive 

capabilities in one machine, ultimately reducing cost and production time. Near-net shapes 
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are fabricated by layering the material deposited using gas metal arc welding (GMAW). A 

techno-economic assessment was conducted by comparing the recurring production cost 

of an industrial monolithic component using traditional methods to those manufactured by 

HLM. Analysis results showed that the newly developed integrated process was 28% 

cheaper and 42% faster [21]. Other examples of TEA for the evaluation and selection of 

competing production processes include Arnold [22], Foley [23], and Mirkouei [24], within 

the automotive, aerospace, and bio-fuel industries, respectively. Since cost is the primary 

objective of TEA, developing accurate cost estimation models is necessary. Cost estimation 

modeling techniques can be classified as qualitative or qualitative. 

While qualitative techniques provide rough estimates using historical data, 

quantitative techniques rely on product design requirements and analytical functions 

representing critical product parameters [25]. Quantitative techniques, such as parametric 

or analytical models, are particularly useful for design for manufacturing cost estimation 

models [26]. Parametric models are used when cost drivers are easily identifiable and a 

large set of reliable data is available [27]. They apply statistical methods, such as 

regression, to determine cost as a function with various process variables. Analytical 

models decompose the components of cost for a given product. Operation-based models 

estimate cost as a summation of costs associated with productive and nonproductive time 

[25]. However, they also require detailed data, including product designs and process 

capabilities. 

Feature-based cost estimation has been shown to be an accurate technique for 

determining process costs as a function of manufacturing activity. For example, Jung [28] 

developed a feature-based cost estimation system for machined components. Features are 
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directly linked with subtractive manufacturing activities (e.g., turning, milling, or drilling). 

The amount of material removed for each feature is calculated using a set of developed 

equations. Manufacturing cost is based on machining time and material cost. However, the 

infinite variation in part geometry makes this approach computationally inefficient. Other 

examples of feature-based cost estimation include Ou-Yang and Lin [29], Collopy and 

Eames [30], and Watson et al. [31]. 
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2.4 METHODOLOGY 

In order to investigate the techno-economic feasibility of producing monolithic 

components using a combination of subtractive methods and AAJPs, a framework was 

developed that utilizes geometric part decomposition information to generate optimal 

manufacturing plans based on estimated production cost. Manufacturing plans describe the 

type and form of raw materials needed, the manufacturing processes selected, and 

production cost estimates. Ultimately, the goal is to determine whether a given set of 

product decomposition alternatives generates manufacturing plans with production costs 

lower than those using only subtractive methods. 

For each product, a set of manufacturing alternatives is generated by decomposing 

monolithic components into subparts whose input raw material forms can be joined via 

AAJPs (Figure 1). An automated part decomposition method is developed in Massoni and 

Campbell [32] where one method is to decompose a part along flat 2D planes. 

 

Figure 1: Example of a single monolithic component decomposed into four subparts. 
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Information about these alternatives includes the number of subparts, the sequence for 

composing the subparts (inverse of the decomposition path), and finished and raw material 

volume, which determines the amount of machining required to produce the finished 

monolith geometry. There are usually many ways to decompose a part resulting in different 

numbers and geometries of subparts, but each alternative shares the same finished 

geometry. 

2.4.1 Process Selection Framework 

Figure 2 describes how manufacturing process selection is performed in the TEA 

framework developed. 

 

Figure 2: Manufacturing Plan Development Framework 

In Phase I, a set of possible material “forms” is selected from a set of predetermined 

shapes for each subpart of a given decomposition alternative. A form is defined as a basic 

building block of raw material available in a specified geometry. Based on the type of 

material selected, a different set of forms can be developed. Examples of common forms 

for metals like aluminum or titanium include sheets, wire, powder, bar stock, tubes, and 

forgings. 

Selection of 

Material Forms

Selection of Advanced

Additive & Joining 

Processes

Production Cost
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Design
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Best

Design
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In Phase II, the most appropriate joining or additive process for each pair of 

subparts is selected. Joining processes, such as friction welding, can be used to assemble 

forms such as bar stock and forgings. Additive processes, such as selective laser sintering, 

can deposit near-net geometry (i.e., subparts) using additive feedstock (e.g., metal powder) 

onto other subparts. Additive processes selectively place material only where required, 

resulting in near-zero waste production. Products can be printed as monolithic components 

or, with traditional methods, as subparts of larger assemblies. Therefore, additive processes 

can realize complex features. Additive feedstock represents materials forms which are 

inputs to different additive processes. For example, direct metal laser sintering (DMLS) 

requires powder as a feedstock to fabricate components. Consequently, when considering 

the selection of additive feedstock for a particular subpart, there is a tradeoff between near 

zero waste generation and low volume build rates. Selection rules govern the applicability 

of joining and additive processes based on the selected material forms. For example, linear 

friction welding is constrained by maximum allowable weld area.  

In Phase III, cost estimation models are used to determine the cost of each 

manufacturing plan. When considering the selection of a material form for a particular 

subpart, there is a tradeoff between cost savings and material utilization. Geometrically 

complex forms, like forgings, offer better material utilization, but are more expensive than 

simple forms like bar stock. Cost is calculated for each interface between subparts, which 

is based on material forms and a specific joining or additive process, and the total 

production cost is the sum of these individual costs. 

The algorithm performs an exhaustive search of the information contained in the 

manufacturing database. The selection of the best decomposition alternative and 
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manufacturing plan is based on geometry and cost. All possible feasible raw material 

forms, processes, and their combinations are explored and the lowest cost manufacturing 

plan is saved. The resulting optimal manufacturing plan consists of the set of raw material 

forms and sequential processes required to form or join material based on component 

geometry. Machining, or material removal, is always assumed to occur as the final step 

before inspection. This assumption is valid since the majority of subtractive operations are 

carried out after the bulk of the component is joined [16]. This process can be repeated for 

multiple part decomposition alternatives. 

All three phases are also supported by a manufacturing process database, which 

contains data, including material properties and prices, cost inputs like labor rate, and 

manufacturing process inputs like deposition rate and other machine and process 

specifications. Currently, the database only includes a limited number of joining processes. 

The joining and additive processes considered include linear friction welding (LFW) and 

powder bed fusion (PBF). The set of material forms considered is composed of commonly 

available stock material preform shapes, including plates, bar stock, and powder feedstock. 

The selection of additive and joining process are constrained according to current 

technological limitations. These include constraints on the size of the weld for LFW, and 

constraints on the size of the build envelope for PBF.  

2.4.2 Cost Estimation Framework 

Production cost functions are based on process time and an hourly activity cost rate 

including an indirect activity cost rate. The cost of energy is also included based on the 

process energy consumption rate multiplied by the cost of energy [3]. A generic cost model 

that can be applied to different materials and processes is shown in Table 1. 
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𝐶𝑇𝑜𝑡𝑎𝑙 = ∑ 𝐶𝐹𝑜𝑟𝑚n + ∑ 𝐶𝑃𝑟𝑜𝑐𝑒𝑠𝑠m      (Eq. 1) 

 

n = number of subparts; m = number of processes 

 

𝐶𝐹𝑜𝑟𝑚 = 𝐶𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙 × 𝑚𝐹𝑜𝑟𝑚 × 𝑆𝐹                (Eq. 2) 

𝑚𝑓𝑜𝑟𝑚 = 𝑉𝐹𝑜𝑟𝑚 × 𝐷 𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙     (Eq. 3) 

𝑉𝐹𝑜𝑟𝑚 = 𝑉𝑆𝑡𝑜𝑐𝑘                 (Eq. 4) 

𝑆𝐹 = 𝑃𝐹𝑜𝑟𝑚 𝐶𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙⁄           (Eq. 5) 

𝐶𝑃𝑟𝑜𝑐𝑒𝑠𝑠 = (�̇�𝐼𝑛𝑑𝑖𝑟𝑒𝑐𝑡 × 𝑡𝑃𝑟𝑜𝑐𝑒𝑠𝑠) + (𝐸𝐶𝑅 × 𝐶𝐸𝑛𝑒𝑟𝑔𝑦)  (Eq. 6) 

�̇�𝐼𝑛𝑑𝑖𝑟𝑒𝑐𝑡 = (𝑀𝑅𝑃𝑟𝑜𝑐𝑒𝑠𝑠 + 𝐿𝑅) × 𝑂𝐻𝐹𝑎𝑐𝑖𝑙𝑖𝑡𝑦    (Eq. 7) 

𝑡𝑝𝑟𝑜𝑐𝑒𝑠𝑠 =  𝐷𝐼 / 𝑃𝑅𝑃𝑟𝑜𝑐𝑒𝑠𝑠                 (Eq. 8) 

𝐷𝐼 =  𝑉𝐹𝑜𝑟𝑚 ; 𝐴𝑊𝑒𝑙𝑑         (Eq. 9) 

𝐸𝐶𝑅𝑃𝑟𝑜𝑐𝑒𝑠𝑠 = 𝑃𝑃𝑟𝑜𝑐𝑒𝑠𝑠  × 𝑡𝑃𝑟𝑜𝑐𝑒𝑠𝑠        (Eq. 10) 

𝑡𝑇𝑜𝑡𝑎𝑙 =  ∑ 𝑡𝑃𝑟𝑜𝑐𝑒𝑠𝑠𝑚             (Eq. 11) 

 

Stock volume is always greater than the finished volume for a given subpart – the 

difference between the two determines the amount of machining required. Clearly, forms 

that are closer to the net shape of a given subpart will yield the most material savings 

(highest material utilization). Each subpart form must be assembled to create a final 

monolithic shape envelope using the combination of stock forms and joining or additive 

methods that results in the lowest cost. The subassembly is then machined to net shape. 

Stock volume is approximated based on finished volume, and is provided as a design input. 

Shape factors (SFs), which are based on geometry and material, drive cost 

estimation for selected forms. SFs are integer multipliers used to adjust the cost of a form 

above the nominal cost of its composing material, mainly due to variation in geometry or 
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forming methods. SFs have traditionally been using in image analysis and microscopy as 

dimensionless values that numerically represent the shape of a particle, independent of 

volume. They are calculated from basic geometric parameters (e.g., area and volume) and 

represent the degree of deviation from an ideal starting shape [33]. SF values are calculated 

by dividing the average price of a given material form (Pform) by the current price of the 

composing material (Cform). Values for the average price of a given form can be determined 

by analysis of available data. Thus, the average price variable can be used to adjust the cost 

of different material forms from the baseline, which is the cost of raw material by mass. 

Table 1: Definitions for cost model notations. 

Computed Cost Notation Definition 

C_Total Total production cost 

C_Form Cost of form 

C_Process Cost of process 

C_Material Cost of raw material 

C_Indirect Indirect activity cost 

C_Energy Cost of energy 

m_Form Mass of form 

V_Form Volume of form 

D_Material Density of material 

SF Shape factor 

P_Form Avg. Price of form 

DI Design input 

V_Stock Stock volume 

A_Weld Friction weld area 

t_Process Process time 

t_Total Total processing (takt) time 

MR_Process Process machine rate 

PR_Process Process rate 

P_Process Process power 

LR Labor rate 

ECR Energy consumption rate 

OH_Facility Facility overhead rate 
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While stock volumes provide estimates of the sizes of forms required, shape factors 

attempt to capture the value added to raw material by forming processes to produce a given 

geometry. For example, drawing processes that form cylindrical bar stock from raw 

material. The magnitude of SF is determined by the complexity of the form. It may be 

expanded to include more parameters to improve the model and account for other shape 

differences between forms. SF values pertinent to this study are reported in the section 

below. While this is a simple scaling approach, parametric modeling of historical data may 

yield more accurate results. 

Process parameters, based on time and energy, drive the cost of joining processes 

and production of final net shapes via material subtraction methods. Most cost calculations 

require common factors such as indirect cost, total process time, and energy consumed by 

the process and the cost of energy. Total process time is calculated by dividing the design 

input provided by the decomposition information, by the process rate (PR), e.g., machining 

material removal rate or MRR. Process rates used in this work were found in literature, as 

discussed below. 

Indirect costs for each activity are based on machine (MR), labor (LR), and facility 

overhead (OH) cost rates based on available sources. The indirect activity cost rate captures 

the annual amortized machine and tooling costs and other costs, such as material handling 

and setup. Total machine process time (ttotal) for a component is the sum of the process 

times for all selected processes. The sum of these cost components yields the total cost 

(CTotal) for each design alternative. Cost differences are evaluated for competing 

alternatives based on total cost and costs of individual components. 
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2.5 RESULTS & DISCUSSION 

 The manufacturing plan development framework presented above is utilized to 

generate manufacturing process plans and estimate production costs for a hypothetical use 

case. The objective is to demonstrate the feasibility of the approach for developing cost-

effective alternate manufacturing plans that utilize AAJPs. The following sections describe 

the monolithic components identified for the study, the material selected, and the set of 

available forms and AAJPs. The cost for each alternative along with the baseline (“hog 

out”) cost was calculated for each test component and decomposition alternative. 

2.5.1 Developing the Case Study 

In order to generate the required input data, two test components (a T-bracket and 

a paddle bracket) were selected. They are representative of commonly manufactured 

monolithic structural brackets. For each component, two decomposition alternatives were 

evaluated, including the baseline alternative that emulates traditional subtractive-only 

production and an alternative decomposed into several subparts to be assembled using 

AAJPs. The material selected for each component was Aluminum 6061, one of the most 

commonly available alloys of aluminum. It is used for producing aircraft structures, 

automotive parts, bicycle frames, and other high-value products. Recent studies have 

demonstrated that powder-bed additive processes that utilize  Al 6061 are feasible [34]. 

Furthermore, recent studies have also successfully demonstrated the ability to friction weld 

Al 6061 [35], [36]. 
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Figure 3: Selected set of available material forms and advanced additive and joining 

processes [37]. 

A form is defined as a basic building block of raw material available in a specified 

geometry. For a given subpart, the lowest cost form is selected for joining or 3D printing. 

Based on the type of material selected, a different set of forms can be developed, which 

serves as the common pool from which forms are selected. For this study, the set of forms 

that was developed includes plates, bar stock, and additive feedstock (powder) (Figure 3). 

Plates have prismatic geometry, and are categorized by area and thickness. Bar stock can 

be cylindrical or rectangular, and is categorized by length and diameter. For this case study, 

only cylindrical bar stock was selected. Powder bed fusion requires additive feedstock in 

the form of metal powder, usually categorized by the quality of the material. Quality is 

related to the nature of the particles – near-spherical particles are ideal [37]. Following the 

selection of material forms, the lowest cost joining or additive operation for each pair of 

Plate Bar Stock Powder



25 
 

 

subparts is selected. In this study, linear friction welding (LFW) and powder bed fusion 

(PBF) were selected (Figure 3). 

Rules based on process capabilities limit the selection of these processes. The 

possible alternative forms and the selection of joining and additive processes is only limited 

by current technological limitations. Selection of LFW is constrained by maximum 

allowable weld area and PBF is constrained by maximum work envelope volume (Table 

2). 

Table 2: Selection constraints based on process limitations. 

AAJP Selection Constraints Source 

LFW Max. Weld Area 51.6 cm2 [38]  

PBF Max. Build Envelope 0.16 m3 [39]  

 

2.5.1.1 Test Components and Design Alternatives 

Utilizing the decomposition procedure developed by Massoni and Campbell [32], 

3D models of the test components were analyzed and alternate decompositions were 

produced. Decomposition data provided the number of subparts, the sequence of assembly, 

and finish volume for each alternative. Given the set of possible material forms, the 

decomposition analysis was also able to determine the appropriate volume of material 

required for each form. For a given subpart, stock volume is always larger than finish 

volume. Finish volume is the final net volume after all manufacturing operations. The 

geometry of each subpart and the sequence of assembly is critical to the identification of 

the best decomposition alternative. 
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2.5.1.2 Manufacturing Database  

Table 3: Design, material, and cost information from the manufacturing database. 

Design & Material Inputs Source 

Finish Volume per subpart (cm3) 

 [32] Stock Volume per form (cm3) 

Weld Area joining face (cm2) 

Cost Inputs Source 

Labor Rate 23.13 USD / h [40] 

Overhead Rate 2.00 multiplier [41] 

Cost of Energy 0.06 USD / kWh [42] 

Aluminum 6061 

Density 2.70 g/cm3 [43] 

Market Price 4.39 USD / kg [44] 

Shape Factors 

Plate 1.35 

multiplier [45]  Round Bar 1.11 

Powder 10.35 

 

Table 4: Process information in the manufacturing database. 

Process Inputs Source 

Linear Friction Welding 

Process Rate 35.00 cm2/s [35], [36], [38] 

Machine Power 2 kW 

[38] Machine Cost $750,000  USD 

Useful Life 10 years 

Powder Bed Fusion   

Process Rate 0.417 cm3/min 

[39] 
Machine Power 2 kW 

Machine Cost $300,000  USD 

Useful Life 2 years 

Machining   

Process Rate 35.00 cm3/min [46] 

Machine Power 3.7 kW 

[47] Machine Cost $500,000  USD 

Useful Life 10 years 
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The manufacturing database contains inputs that drive cost estimation. This 

includes process selection constraints for AAJPs, design and material data, and cost inputs 

(Table 10). For a pair of subparts, if a process constraint is violated, then the process cannot 

be selected. Additionally, if two subparts are to be joined, the smaller one is assumed to be 

attached to the larger one, and the size of the weld area, i.e., faying surface, is based on the 

geometry of the smaller subpart. LFW cannot be selected if this area exceeds the maximum 

allowable LFW weld area. The subpart size produced using PBF is limited by the maximum 

allowable build envelope volume for a given machine. 

The cost equations developed require certain inputs based on design geometry (e.g., 

finish volume), selected material (e.g., density), the predetermined set of raw material 

forms and processes (e.g., shape factors), and other process inputs (e.g., labor rate, facility 

overhead, etc.). In order to use the most accurate data possible, machine cost, life, and 

process rate were based on actual machines. Process rates for PBF and machining were 

determined based on machine parameters and the selected material, i.e., Al 6061. 

Experimental data from previous research was aggregated and a parametric cost model was 

developed to determine process time, which is based on regression analysis of key LFW 

process parameters (maximum displacement, frequency, forge pressure, burn-off distance, 

and time). Process rate was developed using the parameters specified for the identified 

machine, and also agree with previous research [5], [38], [48], [49]. 

2.5.2 Test Results 

Using the specified test components, manufacturing database inputs, and cost 

estimation models, the developed framework is utilized to generate manufacturing process 
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plans and estimate production costs. The cost for each alternative along with the baseline 

(“hog out”) cost was calculated for each test component. 

2.5.2.1 Test Component 1: T-Bracket 

Based on the TEA framework, decomposition design information and the inputs 

from the manufacturing database were used to develop process plans for each alternative. 

The best (i.e., lowest cost) alternatives were identified and ranked. Overall, a combination 

of nineteen alternatives based on the set of material forms and AAJPs were explored, with 

thirteen identified that had a lower total cost than the baseline. 

Each of the lower cost alternatives utilizes an AAJP within its process plan to 

manufacture the T-bracket. Four of the five alternatives require powder feedstock and the 

PBF process to fabricate a subpart. For subparts of a particular alternative, when one of the 

material forms selected is powder feedstock, the other subpart, whether plate or bar, is used 

as a substrate. The substrate is placed within the powder bed, and the geometry of the other 

subpart is added, layer by layer. Alternative 1 decreased production cost by 45% with a 

55% improvement in material utilization, compared to the baseline. Alternative 2 reduced 

cost by 50% and improved material utilization by 51%. 

Results for the five best alternatives are summarized in Table 6. For Alternative 4, 

the cost of AAJPs is lower than the other alternatives, since it only requires linear friction 

welding. The cost of LFW is less than PBF, while PBF has a higher level of material 

utilization. While the cost of the LFW option may be more effective, the level of machining 

operations displaced is not great enough to lower the cost overall, as compared to the 

alternatives that utilize PBF. 
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Figure 4: Comparison of alternatives for test component 1 (T-bracket). 

Table 5: Results for all alternate manufacturing process plans (T-bracket). 

 

For each alternative that utilizes PBF to fabricate a subpart, total machine process 

time is much greater than the baseline or LFW alternatives. This is due to the current 

technological limitations of PBF and most additive processes. Considering this 

information, Alternative 4 is probably the best. Compared to the baseline, Alternative 4 

provides a 40% savings in total cost and increases material utilization by approximately 

16%. While Alternative 1 provides 10% more savings and 33% better mat. util., Alternative 

Baseline Alt.  1 Alt. 2

Minimum Cost:

Cost Savings:

Mat. Utilization:

Subparts:

Material Forms:

AAJPs:

$1522.63

none

22 %

1

Plate

none

Minimum Cost:

Cost Savings:

Mat. Utilization:

Subparts:

Material Forms:

AAJPs:

$832.29

45 %

77 %

2

Plate (A)

FS (B)

PBF

Minimum Cost:

Cost Savings:

Mat. Utilization:

Subparts:

Material Forms:

AAJPs:

$757.29

50 %

73 %

2

FS (A)

Plate (B)

PBF

A

B

B
A

No. Alt. Subparts Total Cost Savings Mat. Util. Time (min.)

Baseline 0 Plate 1,522.63$ 0% 22% 26.1

1 2 Plate, FS 757.29$     50% 73% 546.5

2 2 FS, Bar 838.82$     45% 62% 547.9

3 1 FS, Plate 832.29$     45% 77% 300.7

4 1 Plate, Plate 917.78$     40% 38% 14.7

5 1 FS, Bar 1,075.80$  29% 49% 304.9

Component 1
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4 is faster by orders of magnitude. Error! Reference source not found. shows the relative c

ost breakdown by cost for test component 1 for the best five alternatives. 

 

 

Figure 5: Relative production costs for the manufacturing process plans for test 

component 1 (T-bracket). 

2.5.2.2 Test Component 2 – Paddle Bracket 

Similar to component 1, the TEA framework, in combination with decomposition 

design information and the inputs from the manufacturing database, were used to develop 

process plans for multiple alternatives. A combination of nineteen alternatives based on the 

set of material forms and AAJPs were explored, with twelve identified that had a lower 

total cost than the baseline.  
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Figure 6: Test component 2 (“Paddle” bracket) evaluation results for alternatives. 

Results for the best five alternatives are summarized in Table 7. Each of the lower 

cost alternatives utilizes an AAJP within its process plan to manufacture component 2. 

Four of the five alternatives require powder feed stock and PBF to fabricate a subpart. 

Unlike component 1, three alternatives require LFW. Moreover, two alternatives require 

both PBF and LFW. Alternative 1 decreased production cost by 28% with a 10% 

improvement in material utilization, compared to the baseline. Alternative 2 reduced cost 

by 22% and improved material utilization by 23%. Similar to component 1, the added cost 

of AAJPs is not insignificant, so subsequently, overall cost is reduced. The best option 

identified for alternative 2 utilizes all three subparts, all three types of material forms, and 

both AAJPs. 

Baseline Alt. 1 Alt. 2

Minimum Cost:

Cost Savings:

Mat. Utilization:

Subparts:

Material Forms:

AAJPs:

$817.19

none

20 %

1

Plate

none

Minimum Cost:

Cost Savings:

Mat. Utilization:

Subparts:

Material Forms:

AAJPs:

$592.40

28 %

30 %

2

Plate (A)

FS (B)

PBF

Minimum Cost:

Cost Savings:

Mat. Utilization:

Subparts:

Material Forms:

AAJPs:

$645.16

22 %

43 %

3

Bar (A)

Plate (B)

FS (C)

LFW

PBF

A

2

C

B

B

A
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Table 6: Results for all alternate manufacturing process plans. 

 

 

Figure 7: Relative production costs for the manufacturing process plans for component 2. 

Considering the amount of process time required for PBF, alternative 6 is probably 

the better alternative. Compared to the baseline, it still provides 18% savings in total cost 

and increases material utilization by approximately 7%. While alternative 1 provides 10% 

more savings, it only provides 3% better mat. util., and alternative 6 is faster by orders of 

Rank Alt. Subparts Total Cost Savings Mat. Util. Time (min.)

Baseline 0 Plate 825.12$    0% 20% 14.2

1 1 Plate, FS 592.40$     28% 30% 99.8

2 2 Bar, Plate, FS 645.16$     22% 43% 164.5

3 2 Plate, Plate, FS 655.66$     21% 42% 164.7

4 0 FS 656.63$     20% 77% 319.4

5 1 Plate, Plate 675.53$     18% 27% 10.9

Component 2
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magnitude. The trade-off between cost savings, material utilization and process time is 

optimal. Figure 7 shows the relative cost breakdown by cost for test component 1. 

2.5.3 Discussion 

Based on the results of the case study, it can be concluded that the developed 

conceptual process planning (CPP) methodology is able to generate cost-effective process 

plans utilizing AAJPs. Utilizing AAJPs the cost of producing monolithic components was 

significantly reduced. For both test components, lower cost alternatives required the use of 

one or more material forms and AAJPs. While component 1 was able to achieve 50% cost 

reduction compared to the baseline. On the other hand, component 2 achieved a 28% 

reduction. This smaller reduction is due to the geometry of component 2, which has curved 

surfaces and thin features. 

The best options for both components utilized a combination of powder feedstock 

and plate forms. The material forms which minimized subpart stock volume were selected. 

Notably, not many LFW options were selected, since the reduction in machining was not 

large enough to offset the process cost. The alternatives that utilize PBF also minimize 

material use, consequently reducing machining costs, despite high additive process costs. 

LFW joining operations were not selected because the material forms that are currently 

available are not as efficient as the near-net components fabricated by PBF. Current forms, 

which clearly save material and machining costs overall, are too bulky to compete with 

additive options due to poor material utilization. However, if near-net forms with better 

material utilization are available, LFW could become a more competitive alternative, 

decreasing total cost. 



34 
 

 

The case study demonstrated the feasibility of the developed approach for 

investigating the impact of advanced additive and joining processes. For example, the 

results for both components identified the combination of two unique subpart geometries, 

forms, and processes that would yield the lowest cost product, which is a completely new 

way to design and manufacture the product. Furthermore, the results generated by the 

developed approach provide insight into how trade-offs between processes like PBF and 

LFW can be leveraged based on component geometry and machining cost to continue to 

develop and advance processes. 

Relaxing constraints on maximum weld area for LFW, and maximum build size 

envelope may provide even lower cost alternatives. In the future, extending the analysis to 

unconstrained alternatives will provide justification to advance the technology, similar to 

justifying the investment of capital to increase the build volume or deposition speed of 

powder-bed fusion. Currently, PBF is limited by the time it takes to fabricate a single part 

or build, a result of slow process rates. Alternative additive processes, like wire-feed 

systems with faster deposition rates, might produce more cost-effective results. 

Before the developed methodology is put into practice, it needs improvement in 

three important areas. First, the manufacturing database needs to be expanded to include 

additional material forms and AAJPs. Second, the cost models need to account for both 

rough and finish machining, machine and tooling costs, quality, labor overhead, etc. 

Finally, while only a small set of decomposition alternatives were explored, automating 

the process to search a larger set of alternative decompositions will improve results. 
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2.6 CONCLUSIONS 

Techno-economic analysis is a tool that can provide insight into the production of 

monolithic components using integrated production systems, i.e., combinations of 

subtractive methods and AAJPs. As product designs become more complex and capital 

more scarce, an ideal combination of manufacturing processes can optimize the production 

of high-value products. Specifically, contributions of this research include: 

 Development of a conceptual planning process methodology for AAJPs, 

including a process selection algorithm and cost estimation model. 

 Application of the developed methodology to demonstrate feasibility of the 

proposed approach for investigating techno-economic impacts of AAJPs. 

State-of-the-art manufacturing selection methodologies only require the consideration of 

material type. However, AAJPs can be used to metallurgically assembly monolithic near-

net components from individual subparts. Selection of material form is a critical phase in 

the search for cost-effective process plans. The trade-off between production cost and stock 

material guides the identification of economical alternatives compared to traditional 

subtractive manufacturing. The ability to fabricate near-net geometry with PBF, 

significantly reduces the level of machining required. Moreover, if closer to near-net raw 

material forms can be utilized, LFW may provide better results. Compared to the cost of 

traditional manufacturing, the alternatives that included at least one AAJP provided 

significant cost savings. Industries like aerospace and automotive can utilize such a 

methodology to rapidly assess impacts of strategic manufacturing decisions, including the 

immediate level of investment and implementation that is technologically and 

economically feasible.  
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3 TECHNO-ECONOMIC ASSESSMENT OF ADVANCED ADDITIVE 

AND JOINING PROCESSES FOR AEROSPACE APPLICATIONS  

3.1 Abstract 

Traditional subtractive manufacturing systems, such as those used in the aerospace 

industry, utilize a high amount of advanced materials like titanium to produce lightweight 

products with complex features. In comparison to advanced additive and joining processes, 

subtractive methods are inefficient and expensive, especially when material costs are 

considered. Industrial applications of production scale additive manufacturing (3D 

printing) are relatively new and unproven. However, integrated manufacturing systems, a 

combination of subtractive methods and AAJPs, can help address current and future 

challenges within the aerospace industry. But without knowledge of how best to utilize 

AAJPs, organizations are hesitant to commit to capital. Therefore, the objective of this 

research is to provide practicable insights into the use of AAJPs for aerospace applications. 

Results provide justification for the implementation of integrated manufacturing systems, 

identify potential techno-economic entry points for rapid implementation, and suggest 

potential innovation pathways for technology development and increased cost savings. 

3.2 Introduction 

Currently, the aerospace industry faces multiple challenges, including the 

increasing demand for advanced materials, efficient manufacturing processes, and better 

performing products [50]. Current manufacturing systems primarily utilize subtractive 

methods, like turning or milling, resulting in low rates of material utilization, and 

subsequently increased material and process costs. Subtractive manufacturing can be 

defined as any mass-change process that creates three-dimensional objects through the 
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repetitive removal of material from a solid “block” of metal usually by mechanical, 

electrical, or chemical means [1]. Subtractive methods enable the manufacture of finished 

products with physical performance criteria (e.g., size and fatigue strength) similar to the 

raw materials which were used for production. 

Monolithic parts are representative of aerospace components, and are traditionally 

machined from stock material or near-net preform. A monolith is created as a single-piece, 

such that it has no distinguishable subcomponents, and can be reliably reproduced at 

economies of scale [51]. The lack of mechanical interfaces or joints improves the 

performance and reliability of monolithic components. Minimizing the weight of structural 

components is critical for optimizing the performance of aerospace components. However, 

optimizing component mass often requires the use of consolidated design geometry and 

complex features, which increases the material, time, and energy required for subtractive 

manufacture. 

Materials currently used in production of aircraft components, like aluminum and 

titanium, have high strength-to-weight ratios and perform well in extreme temperatures, 

which is excellent for aerospace applications. Unfortunately, these materials are also very 

expensive. For example, the price of titanium is nearly 60 times greater than steel [52]. 

Additionally, the production of new aircraft components, like those for the Boeing 787 

Dreamliner, require nearly twice the amount of advanced materials, like titanium [53]. 

Moreover, the number of aircraft worldwide is expected to double by 2030 [50]. Clearly, 

material is, and will continue to be, a significant driver of production cost within the 

industry. 



38 
 

 

3.2.1 Research Motivation 

The integration of advanced additive and joining processes (AAJPs) within existing 

subtractive manufacturing systems, enables near-net manufacturing, improving the 

utilization of material, while meeting cost and performance targets. Advanced additive and 

joining processes (AAJPs) can be defined as all types of consolidation processes that 

coherently bind individual subcomponents of material, ranging from very thin layers to 

macro-sized structures, in order to fabricate larger functional monolithic components with 

specified geometries or properties [51]. 

 

Figure 8: Example of a “hog-out” (a), and the wasted material that would be generated. 

Example of a near-net monolithic component assembly by linear friction welding (b) [5]. 

Additive processes2, like powder-bed fusion, enable the selective placement of material 

only where specified, decreasing the amount of raw material utilized and machining 

required. Consolidation, or joining processes3, like linear friction welding, enable the 

production of near-net blanks from basic material forms that approximate the shape of the 

                                                           
2 Processes that join materials layer by layer to fabricate components from 3D models (ASTM F2792) [2]. 

3 Processes used to connect two separate components by mechanical, chemical, and/or thermal means [1]. 
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finished monolithic component, decreasing the amount of raw material utilized and level 

of machining required. 

Notably, additive processes join smaller “grains” of material (micro-scale) in two-

dimensional layers, resulting in high material utilization, but slow build times. Complex 

features that are impossible to machine can be fabricated using additive processes, due to 

a lack of constraints on design freedom. In contrast, joining processes utilize relatively 

large grains of material (macro-scale) to quickly form strong metallurgical bonds, and 

assemble near-net preforms. Since the “building blocks” (i.e., subcomponents) used by 

joining processes have more mass than those used by additive processes, machining 

generates more waste. Additionally, friction welding is able to produce monolithic 

components from a wide array of stock material geometry, reducing the amount of 

subtractive processes needed. 

While joining processes like rotary friction welding (RFW) have been around for 

the last 30 years, many friction welding processes have only found niche applications, and 

additive processes have yet to achieve meaningful implementation [54]. Technological 

limitations (e.g., slow build times, small work envelopes, and lack of close-loop control) 

and an imperfect understanding of how to best utilize advanced additive and joining 

processes has prevented large-scale application for practicable manufacturing operations 

[55], [56].  

3.2.2 Research Objective and Tasks 

Clearly, integrated manufacturing systems, a combination of subtractive methods 

and AAJPs, can help address current and future challenges within the aerospace industry. 

However, without knowledge of how best to utilize AAJPs, organizations are hesitant to 
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commit to capital. Therefore, the objective of this research is to provide practicable insights 

into the use of AAJPs for aerospace applications, including, justification for large-scale 

adoption, economic entry-points, and identified improvements for current technological 

capabilities. 

Prior research developed a conceptual process planning (CCP) methodology for 

AAJPs, which was used to conduct a techno-economic analysis for the production of 

monolithic components [51]. Techno-economic analysis was used to determine whether a 

given set of designs will generate cost-effective manufacturing process plans. Research 

tasks included the development of a process selection algorithm to generate a set of 

alternate process plans, including stock material forms and processes required, and the 

development of cost models to estimate the production cost alternatives. 

Findings demonstrate that the proposed approach works, and ultimately, cost-

effective manufacturing plans utilizing a combination of AAJP and subtractive processes 

were developed. However, several limitations were also identified, including the need for 

better material forms, faster additive processes, exploration of more design alternatives for 

each component, improved cost estimation models, and a more complete analysis (e.g., 

sensitivity to technological infeasibilities and exploration of system-level costs). 

Therefore, current research tasks seek to address these gaps and extend the TEA to 

move beyond merely justifying the use of the developed methodology, and provide 

practicable insights into the use of AAJPs for aerospace applications. The first research 

task requires expanding and refining the manufacturing database. A second task focuses 

on improving existing cost models to add additional detail and improve accuracy. A third 

task develops a case-study and applies the approach to examine representative components 
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and an expanded set of design alternatives. The fourth task extends the TEA to examine 

system-level effects and search for economic entry-points. A final task explores the 

sensitivity of results based on the limitations of current process capabilities. The following 

section provides a summary background of additive and joining methods, as well as 

material selection considerations, in the context of aerospace manufacturing. 

3.3 LITERATURE REVIDW AND BACKGROUND 

The following literature review and background discussion examines conceptual 

process planning software tools, as well as additive and joining processes in the context of 

aerospace applications, specifically focusing on common materials and methods. 

Additionally, the use of techno-economic analyses (TEA) for related applications is 

discussed, including a discussion of system-level cost estimation techniques. 

3.3.1 Integrated Process Planning and Cost Estimation Tools 

Conceptual process planning (CPP) is a design and engineering activity used to 

evaluate manufacturing feasibility, and production cost and time based on conceptual 

product data – it requires the selection of manufacturing processes, resources, equipment, 

and methods to estimate cost and time [10]. At a high level, CPP provides rapid insight 

into early manufacturing decisions, but at most it is only an information model or algorithm 

for developing manufacturing process plans. However, as additional design and cost 

information is added to evaluate practical use-cases, selection and estimation requires 

thousands of computations. Therefore, most CPPs eventually evolve into software tools 

that support the translation of 3D model data into manufacturing process and resource 

selection, and estimation of cost and time to provide practicable insight into early 

manufacturing decisions [10]. Additionally, CPPs support design through the optimization 
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of component form, configuration, and material to minimize manufacturing cost. 

According to Masel et al. [57], “providing designers with a tool to estimate the 

manufacturing cost of a design during the preliminary design phase accurately can allow 

them to optimize the design with respect to both performance and production cost.” 

In order to evaluate competing manufacturing decisions, most automated tools 

integrate process selection and cost estimation activities. Most of the computer-based tools 

survey are interactive and knowledge-based (i.e., expert systems). Allowing users to 

customize various settings, they require large databases with reliable process data. As 

expert systems, they use artificial intelligence techniques to search large problem spaces 

for the optimal solution. Most tools also employ a ranking algorithm usually based on some 

measure of manufacturing feasibility. The tools also share common qualities, such as 

requiring manufacturing process and design inputs, and including search methods to find 

the best options. Examples of tools include Dargie et al. [6], Yu et al. [7], Giachetti [8], 

Zha [9], Smith et al. [58], Brown and Wright [59], Farris and Knight [60], and Ramalhete 

et al. [61]. 

However, these applications are also limited by a narrow scope, as most databases 

contain only information specific to the intended application, limiting extensibility. The 

development of a tool to examine the techno-economic impacts of AAJPs in aerospace 

manufacturing is a novel application. 

3.3.2 Material Selection for Aerospace Applications 

The selection of material in aerospace applications is very important. Given that 

most manufacturing is accomplished using subtractive methods, the utilization of material 

is an important metric. Buy-to-fly (BTF) ratio is an industry metric used to represent 
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material utilization – it is the amount of material purchased for manufacturing (i.e., stock 

mass) divided by the amount of material actually “flying in the sky” (i.e., finished mass), 

indicating the amount of material that needs to be removed [62]. Low BTF ratios, i.e., high 

material utilization, indicate products that satisfy organizational and customer 

requirements in terms of cost-effective production and performance. Ultimately, the weight 

of aircraft, and the sum of all manufactured parts, has a large impact on performance (e.g., 

fuel-efficiency). Since safety is the most important factor, components do not only have to 

be lightweight, but also very strong. 

Materials like aluminum (Al) and titanium (Ti), especially alloys like Ti-6Al-4V, 

are especially suited for aerospace applications. Alloys of titanium are more stable and 

allow for material that can be strengthened through heat treatment. Ti-6Al-4V (Ti6-4) is 

the most common Ti alloy used for manufacturing aerospace components – it is known as 

the workhorse of the aerospace industry. Ti6-4 has a high strength-to-weight ratio with 

excellent corrosion-resistance abilities, which enables the production of structurally 

efficient components [62], [63]. Aircraft components also need to survive extremes in 

temperature and pressure – parts made of titanium can survive thousands of cycles in 

elevated temperatures, which makes it an excellent choice for producing turbine and engine 

components [48]. 

3.3.3 Additive Manufacturing 

Despite the potential benefits of additive processes, there are clear technical and 

economic barriers that have limited large-scale adoption and practical application in the 

aerospace and defense industries. Unlike traditional processes, where manufacturing cost 

per part decreases in direct proportion to production volume, the cost per part for additive 
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processes does not usually vary [4]. Technical limitations also include technical issues such 

as poor interlayer bonding, slow deposition rates, limited build envelopes, and poor 

mechanical properties [4]. 

In the aerospace industry, the use of metals dominates the production of high-value 

aircraft components. Therefore, the use of current use of additive methods in aerospace 

mostly includes metal-based processes, like powder-bed, powder-feed, or wire-feed 

systems, with limited scopes of application [64]. Powder-bed systems utilize lasers or 

electron beams to deliver energy to the bed of powder to melt or sinter the material into the 

required layer geometry. While powder-bed systems can produce high-resolution features, 

the powder bed limits the work envelope, and the speed of powder particle fusion limits 

the speed of the process. In comparison, powder-feed systems deliver powder to a substrate 

via deposition head as a laser or electron beam melts the material stream into the specified 

geometry [64]. While powder-feed systems are able to fabricate larger parts faster than 

powder-bed, the resulting material properties and part resolution are worse. 

Wire-feed systems, on the other hand, are similar to wire-arc welding processes, 

and utilize wire and an energy source (e.g., laser, electron beam, or plasma arc) to deposit 

individual weld-beads in pre-specified topology to fabricate 3D structures [64]. Although 

monolithic components fabricated by wire-feed require more machining than those made 

by powder-bed or powder-feed systems, wire-feed systems have the highest build rates and 

volumes. Also, since the process is similar to welding, fabricated components perform 

exhibit excellent mechanical properties – similar to those components made purely 

thorough machining [65]. Important process parameters include beam power, wire 

federate, feed velocity, x-y spacing, and z-height. Furthermore, advanced alloys (e.g., Ti-
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6Al-4V) are readily available. For example, Ti6-4 is one of the most extensively 

investigated and well established materials used for 3D printing [64]. 

Clearly, the advantages of wire-feed processes make them very attractive for 

producing aerospace components, and represent an immediate pathway for insertion of 

AAJPs. However, one of the issues standing in the way of full-scale additive adoption is 

the certification of products, which can take more than 15 years. One of the process utilized 

for qualification is ultrasonic inspection, a form of non-destructive testing [66]. A series of 

ultrasonic inducers produce high frequency sound waves to characterize the structural 

integrity of metal components. Currently, many additively manufactured components 

suffer from poor mechanical properties as compared to traditionally machined components 

[4]. Identified technical risk factors also include surface quality, microstructure variability, 

and process control. 

3.3.4 Friction Welding 

As defined by the American Welding Society (AWS) C6.1-89 Standard, “friction 

welding is a solid-state joining process that produces coalescence of materials under 

compressive force contact of workpieces rotating or moving relative to one another to 

produce heat and plastically displace material from the faying surfaces” [67]. Key process 

parameters include maximum displacement, burn-off distance, rubbing velocity, forge 

pressure, cooling time and the coefficient of friction, which affects rate of bonding [5], 

[16]. Types of friction welding include rotary, linear, orbital, and friction-stir. 

Friction welding produces uniform, strong, airtight welds, enabling the production 

of defect-free monolithic components with homogenous properties [15]. Additionally, 

friction welding is able to weld dissimilar metals for applications requiring unique 
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combinations of mechanical properties, ultimately reducing the need for expensive 

materials [68]. However, there are clear limitations, including that at least one material 

must be plastically deformable under the applied pressure and temperature, subcomponents 

must be able to fit available clamping fixtures, and the workpieces must be able to handle 

the friction and extreme pressures involved [69]. 

While friction welding has found niche applications, technological limitations, such 

as maximum weld size, have prevented large-scale adoption [69]. Literature on the topic 

overall is limited to mostly joining of materials for aero-engine products, where the high 

value-added cost of products justifies the capital cost of machines, tooling, and equipment 

[5], [70]. While practical applications may be limited, literature regarding process 

modeling of advanced aerospace metals, like Ti6-4, is abundant. Recent studies have 

shown that the strength of as-welded Ti6-4 joints are greater than that of the parent material 

[48]. Certification procedures are also easily accessible and similar to existing methods 

[71].  

3.3.5 Techno-Economic Feasibility Analysis & Cost Estimation Methods 

 Techno-economic analysis (TEA) provides insight into use-cases for application of 

a proposed process, and can minimize risk for investment [19]. It is especially useful for 

activities like evaluating economic feasibility of new manufacturing processes and 

comparing the impact of competing designs [20]. Evaluating techno-economic feasibility 

is especially useful when introducing new processes into an existing manufacturing system, 

like integrating additive and joining processes into exiting subtractive systems. 

While TEA is a well-established approach in other engineering disciplines, it is not 

typically found in aerospace or manufacturing literature. Karunakaran et al. [21] describe 
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the techno-economic evaluation of a hybrid layered manufacturing (HLM) system. HLM 

is a type of wire-feed additive system combined into one machine. Results demonstrated 

that the developed process was 28% cheaper and 42% faster. Additionally, Ricardo and 

UTRC [72], [73] developed a cost estimation model to explore the feasibility of producing 

automotive stamping dies with wire-feed additive manufacturing. Results showed that 

costs were sensitive to part volume and height. Cost savings varied between 20.1-73.8%. 

Part height, due to wire-feed AM deposition rate, increased cost. [21]. In both cases, 

techno-economic analysis clearly showed the advantages of using an integrated 

manufacturing system. 

While process-level cost estimation is an important indicator of economic 

feasibility, evaluation of system-level effects is important for complete techno-economic 

evaluation. For example, while production cost may give an indication that a particular 

AAJP is feasible, most organizations are also concerned about capital costs, like machine 

and tooling, and the risk and returns associated with investing in new manufacturing 

technologies. Calculating metrics such as net present value (NPV), internal rate of return 

(IRR), and payback period (PBP) provides insight into the real return on investment after 

the adoption of new processes. Metrics like NPV provide organizations with the ability to 

understand how investments into manufacturing technology will increase future value, 

measured in terms of current value. It is useful for non-linear price escalation of capital 

costs, which is common in aerospace [20]. Metrics like IRR assess the economic value of 

alternatives, indicating profitability based on investment risk. 
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3.3.5.1 Cost Estimation Techniques 

 Cost estimation can be defined as “predictive process used to quantify, cost, and 

price the resources required by the scope of an asset investment option, activity, or project” 

[74]. Product cost estimation techniques can be classified as qualitative or qualitative [19]. 

Quantitative techniques, such as parametric or analytical models, are particularly useful for 

design for manufacturing cost estimation [26]. Parametric cost estimation can be defined 

as “the use of a subset of independent variables to predict [cost]” [27]. Parametric models 

are used when there is a lack of specific information, cost drivers are easily identifiable, 

and a large set of historical data is available. Analytical models decompose the components 

of cost for a given product, which represent the materials, operations, and resources 

consumed during production, and cost is represented as the sum of the various components. 

Analytical techniques include operational-models, breakdown-models, and feature-based 

models. 

Operational-models are based on the time required to perform the required 

manufacturing activities, like setup time, and are especially useful for evaluating 

alternative process plans [25]. Breakdown-models are based on component production 

cycles and consider material costs and overheads based on process time and labor rate [75]. 

Feature-based models are based on inputs estimated from geometric data in the part model, 

i.e., identifying design-related features that drive production cost, like finish volume. This 

enables accurate estimation of part cost for any manufacturing process since design 

specifications are causally related to production cost [30].  Examples of feature-based 

models include Feng et al. [76], Wei and Egbelu [77], Kiritsis et. al [78], Ou-Yang and Lin 

[29]. 



49 
 

 

Collopy and Eames [30] describe the development of a cost model to predict cost 

based on aerospace part definition, which was more accurate that parametric models. They 

suggest that in order to accurately compare competing alternatives, cost estimates need to 

be based on cost drivers that are causally related to cost and easily accessible. Design 

information from computer models provides precise information about features, which 

enables the estimation of costs that are more accurate than those based on process 

simulations. The authors conclude that feature-data, an information metric, is the critical 

cost driver for accurate estimation of aerospace manufacturing cost, since information is 

“a true link in the causal chain that leads to cost” [30]. 

3.4 METHODOLOGY 

Previous research described the development of a CPP method to develop 

manufacturing plans for a set of alternative designs for a given monolithic component [51]. 

Optimal manufacturing plans, based on estimated production cost, were identified using 

design information. Manufacturing plans describe the type and shape of raw materials 

needed (material forms), the manufacturing processes selected, and production cost. Cost 

models are utilized to evaluate manufacturing pathways and estimate total reoccurring 

production cost for a specific plan. Based on limitations of previous research, the developed 

methodology was improved, including the addition of near-net material forms, addition 

new of joining processes and additive processes, exploration of more design alternatives, 

improvement and addition of the cost estimation models, and a more complete analysis, 

including a process capability feasibility analysis and systems-level techno-economic 

analysis. 
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The refined process selection algorithm, improved cost estimation models, and 

expanded manufacturing database were integrated within a larger system that enables the 

exhaustive search of all potential alternatives [32]. Thus, the tool is able to evaluate the 

production of monolithic aerospace components made from Ti6-4, based on 3D model 

data, using an integrated system of additive, joining, and subtractive processes. 

In order to understand techno-economic impacts of AAJPs for aerospace 

applications, a representative case study has been developed. Current data from both public 

and proprietary sources was utilized to develop appropriate cost function for the 

representative process models. Since proprietary data was utilized in some development 

efforts, input information and model relationships have been modified to protect 

intellectual property. The evaluation tool requires the selection of a single type of material 

in order to calibrate the proper inputs, such as material price (USD per kilogram) or density 

(kilogram per cubic millimeter). Ti-6Al-4V was selected as it is one of the most commonly 

used alloys in the production of commercial aircraft components. The selected test parts 

are representative of monolithic aerospace components. The set of materials and processes 

were developed based on the capabilities and processes that exist within current 

manufacturing systems. 

3.4.1 Generating Design Information for Manufacturing Plan Development 

For each selected test component, a set of design alternatives is generated by 

decomposing the monolith into subcomponents which can then be assembled into a 

uniform finished shape using AAJPs. Component decomposition (Figure 9) is the action 

of separating a single component into subparts. Massoni and Campbell describe the 

procedure utilized within the integrated evaluation tool [32]. The process identifies 
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features, or subparts, of a monolithic component that can later be joined or added using 

processes like linear friction welding or wire-feed deposition. Components can be 

decomposed into thousands of alternative arrangements [32]. Typically, the original 

monolithic component is decomposed along flat 2D planes. Depending upon the 

complexity of the design, the number of alternatives can vary between a few dozen to 

hundreds of thousands. 

Information about alternative decompositions is provided as an input, including 

number of subparts, design features, the sequence for composing subparts (inverse of the 

decomposition path), and the amount of material needed to be removed to produce the 

finished monolith. Subsequently, every combination of material form (e.g., bar stock or 

forging), and joining or additive process (e.g., LFW or WFD) is evaluated based on the 

developed cost relationships. Finally, the best options (i.e., lowest cost plans) are identified, 

and detailed results are presented, including economic, geometric, and operational metrics. 

Additional details are provided below and in previous research by Malshe et al. [51]. 

 

Figure 9: Example of decomposing a monolithic component into subparts [51]. 
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3.4.2 Developing Manufacturing Process Plans 

The developed process selection algorithm () is integrated within the evaluation 

tool. It works in tandem with the cost models to develop optimal manufacturing process 

plans based the reoccurring cost of production, based on design inputs. Manufacturing 

plans describe the type and shape of raw materials needed, the manufacturing processes 

selected, and details about production cost. Machining, or material removal, is always 

assumed to occur as the final step before testing and inspection. 

 

Figure 10: A flow chart describing the developed CPP methodology for AAJPs, 

integrated within the larger evaluation tool. Figure describes the flow of information in 

and out of the system. 

This assumption seems valid given that the majority of subtractive operations are 

carried out after the bulk of the component is joined [16]. In its most basic unit, cost is 

calculated for each joint between subcomponents, which is based on the material forms 

and joining or additive process that yield the lowest cost. The total production cost can then 
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be calculated as the sum of these individual cost units, assuring that the total cost will be 

the minimum cost for the given design alternative. 

3.4.2.1 Selection and Estimation 

The development of manufacturing plans happens in three phases. In Phase I 

(Figure 10), a set of possible material “forms” for each subpart, for a given design 

alternative, is selected from a set of predetermined shapes. A “form” is a basic building 

block of raw material available in a specified geometry. Based on the type of material 

selected, a different set of forms can be developed. Examples of common forms for Ti6-4 

include rectangular and circular bar stock, forgings, wire, etc. When considering the 

selection of a material form for a particular subpart, there is a trade-off between cost 

savings and material utilization. Geometrically complex forms, like forgings, offer better 

material utilization, but are more expensive than simple forms like bar stock. However, 

savings in total cost are more evident later in the process chain when subtractive processes 

are utilized. While forgings cost more, less machining is required. 

In Phase II (Figure 2), the most appropriate joining or additive process for each pair 

of subparts is selected based on machine or geometric constraints (e.g., maximum weld 

area). Friction welding is able join a wide variety of material forms. Additive processes are 

able deposit near-net geometry using feedstock onto other subparts. Products can be printed 

entirely as a uniform monolith or as subparts of larger assemblies. Additive feedstock 

represents materials forms which are inputs to different additive processes. Finally, in 

Phase III (Figure 2), cost estimation relationships are used to determine the cost differences 

between each manufacturing plan as compared to the baseline. The baseline is the cost of 
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machining the component design from a single block of material, i.e., “hogging-out” a 

billet or blank. 

3.4.2.2 Manufacturing Inputs Database 

Also integrated within the tool, the manufacturing inputs database contains data 

such as material properties (e.g., density) and prices, cost inputs (e.g., labor rate), and 

manufacturing process inputs (e.g., wire-feed deposition rate). Based on machine and 

process specifications for aerospace applications, selection constraints were identified. The 

set of material forms considered was modified to reflect forms currently available in 

aerospace environments. The set of available forms (based on the selected material, Ti6-4) 

is composed of water-jetted plates, forgings, extrusions, rectangular or circular bar stock, 

near-net printed components and wire. 

Previous research found that the earlier set of forms was limiting, and eliminated 

the selection of friction welding in many cases due to poor material utilization. For 

example, water-jetted plates (WJPs) are fabricated by cutting the near-net forms of 

subcomponents from thick plates using water saturated with abrasive cutting chips, and 

dispensed from a nozzle at an extreme velocity. Multiple forms can be nested within a 

single plate. Therefore, WJPs can be produced quickly at low cost and can improve 

material utilization (i.e., BTF) for friction welding applications. 

Forgings are near-net material forms produced using billets or blanks through the 

application of extreme localized compressive force, usually with a die or hammer. 

Although forgings exhibit superior material and physical properties, tooling costs and 

production time can increase total production cost [79]. Extrusions are near-net material 

forms with fixed cross-sectional areas and that are produced by forcing billets or blanks 
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through a die with specific geometry, like a hollow tube. Extrusions enable the production 

of components with complex cross-sectional profiles and excellent surface finish [80]. 

Near-net printed forms are 3D printed subcomponents, which are printed and then 

machined, and then can be friction welded to other types of forms. Wire is used as feedstock 

for wire-feed additive systems. 

The database was also refined and expanded to include a more representative set of 

processes for aerospace applications. Rotary friction welding is now available along with 

LFW. Also, ultrasonic inspection in now included for any components that utilize friction 

welding. Usually, components fabricated from Ti6-4, or using AAJPs, also require some 

form of heat treating, like annealing or induction hardening. However, since the finished 

component is heat treated, the cost is the same for all alternatives, so it does not affect the 

search for optimal manufacturing plans, and is therefore not a modeled cost function. 

Additionally, powder-bed fusion was replaced by wire-feed deposition. Wire-feed 

systems are better suited for aerospace applications due to a faster deposition rates and 

larger build volumes [65]. Large fabricated components are just as strong, and in some 

cases stronger with better mechanical properties, than traditionally machined components 

[81]. Although optimal plans were identified justified the utilization of powder-bed fusion, 

the estimated build times were several orders of magnitude greater than alternatives that 

utilized friction welding, or only machining. For this reason, many aerospace OEMs have 

decided to pursue wire-feed over powder-bed systems [65], [82]. 

As mentioned before, it is assumed that general material subtraction methods (i.e., 

machining processes) are applied after any and all joining of subparts to transform the 

assembly into a final monolithic component. Machining processes include both rough and 
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finish milling operations. Sensitivity to the speed of material removal based on geometry 

is critical for aerospace applications, especially those that require titanium [83]. 

The database also includes the geometric and machine constraints for the 

considered processes, according to current technological limitations. Geometric constraints 

include restrictions on allowable weld face geometry for RFW (circular shapes only. 

Machine constraints include the size of the weld area for LFW and the volume of the 

substrate for WFD.  

3.4.3 Developing Cost Relationships 

A complete techno-economic analysis requires the estimation of both production-

related and investment-related costs [20]. Both analytical and parametric techniques were 

utilized to develop the cost relationships for production costs, including material and 

manufacturing processes [25]. System-level costs were developed using standard 

engineering economic analysis methods like net-present value (NPV) [84]. 

Cost models were developed based on all three analytical approaches. Feature-

based and operation-based approaches enable design information and process time to drive 

cost, which is critical for aerospace applications. Feature-based estimation is useful early 

in design, while operation-based estimation is useful in late stages – taking advantage of 

both approaches enables product designs to inform cost while ensuring that the estimation 

models are complete (i.e., account for all important factors such as material, overhead, 

labor, and time). Parametric-models help estimate cost when data is not readily available 

for the other two approaches, essentially, filling in any gaps that were not addressed by the 

other approaches. 
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In all cases, models were developed based on data collected from literature 

concerning aerospace manufacturing applications, specifically in regards to labor rates, 

material prices, factory overheads, and capital costs. In some cases, literature was also used 

to identify appropriate process rates and other process-level cost inputs. In some cases, 

models were developed based on proprietary industry data, so efforts have been made to 

modify parameters without affecting estimated costs. However, some models information 

and other cost inputs have been omitted in order to protect intellectual property. 

Importantly, metrics used to evaluate results include production cost, cost savings, BTF, 

value added dollars and time, global warming potential (GWP), process time, capital cost, 

annual savings, NPV, payback period, and ROI. 

As previously mentioned, selection of AAJPs in some cases is limited by real 

technological limitations (e.g., build volume). Appropriate constraints and respective 

values were developed based on survey of current AAJP capabilities. Potential 

manufacturing plan alternatives are eliminated during the search process if a constraint is 

violated. While this guarantees the development of technically feasible plans, evaluating 

infeasible alternatives is a useful tool for advancing technological capabilities. Evaluation 

of infeasible alternatives provides insight into machine capabilities that can be advanced 

in order to find better solutions. 

3.4.3.1 Systematic Exploration of Design Alternatives 

The evaluation tool concurrently develops manufacturing plans and evaluates 

production cost in order to find the optimal plan for a given design alternative. This cost 

optimization process is repeated for all possible alternatives until all valid combinations 

are explored. For example, wire feed stock and linear friction welding is an invalid 
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combination. Cost is calculated for each manufacturing operation at the joint between 

subcomponents. Starting with the first joint (i.e., the first pair of subcomponents to 

assemble), the lowest cost combination of forms and processes is generated. 

Cost optimization is based on the relationship between subcomponents that is 

provided by the decomposition information for each alternative [32]. The last pair of 

subparts that are decomposed are the first to be joined/added. Furthermore, between a pair 

of decomposed subparts, the one with the smaller joining face is attached to the other due 

to the nature of friction welding and additive operations. Therefore, the cost of a joint is 

the sum of the cost of materials for each subpart and the cost of joining the pair of subparts. 

𝐶𝐽𝑜𝑖𝑛𝑡 = 𝐶𝐹𝑜𝑟𝑚 1 + 𝐶𝐹𝑜𝑟𝑚 2 + 𝐶𝑃𝑟𝑜𝑐𝑒𝑠𝑠   (Eq. 1) 

( for a new pair of subparts )      

𝐶𝑇𝑜𝑡𝑎𝑙 =  𝑚𝑖𝑛 ∑ 𝐶𝐽𝑜𝑖𝑛𝑡𝑗      (Eq. 2) 

( j = number of joints )      

If a subpart to-be-joined is already a combination of two or more base subparts, 

then the cost of the subpart is $0 since the cost will have already been captured. The total 

cost of production is the sum of the cost of each joint, assuring that the total cost of 

production will be the minimum cost for the given design alternative. With new design 

inputs, the process is repeated for each new decomposition alternative. 

3.4.3.2 Cost Relationships for Material Forms and Processes 

Cost relationships were developed for each type of material form, including water-

jetted plates, rectangular/circular bar stock, forgings, extrusions, and wire feedstock. The 

cost of near-net printed forms is estimated using the wire-feed cost model. Cost 

relationships were also developed for each type of process, including rotary/linear friction 
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welding, wire-feed deposition, and rough and finish milling. Ultrasonic inspection, a type 

of non-destructive testing, is included as part of the friction welding model. A different set 

of inputs is used to estimate rotary and linear friction welding costs, respectively. 

3.4.3.2.1 Material Forms 

 Estimating the cost of raw material required for a given subcomponent requires an 

estimation of stock mass. Stock mass is always greater than finished mass for a given form 

– the difference between the two is the amount of material that is removed by machining, 

i.e., material waste in the form of chips. Finished mass is the product of the finished volume 

and the density of the materials. Finished volume is estimated based on analysis of 

component 3D models. Stock mass is estimated based on the geometry of the material 

form, and is calculated using the amount of material that is required to produce shape of 

the form, in addition to the finished mass. A “form” is a basic building block of raw 

material available in a specified geometry. For a given subpart, the lowest cost form is 

selected for joining or 3D printing. Based on the type of material selected, a different set 

of forms can be developed, which serves as the “common pool” from which forms are 

selected. 

For example, the amount of material needed to produce the forged material form is 

determined by the geometry (e.g., volume, surface area) of its finished mass and the type 

of forging performed. Specifically, calculation of stock volume for most material forms is 

based on several CAD operations to define cross-sectional shapes and sizes for each 

subcomponent. Some examples include convex hull, minimum bounding rectangle, and 

minimum bounding circle [32]. Precision forging is commonly used within the aerospace 
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industry [85]. It is slow and costly, but produces products that require a minimal amount 

of raw material and finish machining. 

(1) General Raw Material: 

𝐶𝑅𝑀 = 𝑉𝑓𝑖𝑛𝑖𝑠ℎ  ×  𝐷𝑇𝑖_64  ×  𝑃𝑇𝑖_64      (Eq. 3) 

Calculation of stock volume for water-jetted plates is calculated using the thickness 

of the plate and 2D profile of the component. An offset multiplier is applied to the perimeter 

of the profile to account for the excess material required. Minimal plate thickness is 

calculated based on the longest dimension of the finished mass. 

(2) Water-jetted Plates: 

𝐶𝑊𝐽𝑃 =  𝑐𝑝𝑙𝑎𝑡𝑒 +  𝑐𝑊𝐽_𝑡𝑜𝑡𝑎𝑙        (Eq. 4) 

𝑐𝑊𝐽_𝑡𝑜𝑡𝑎𝑙 = 𝑐𝑤𝑎𝑡𝑒𝑟𝑗𝑒𝑡 +  𝑐𝑊𝐽_𝑂𝐻             (Eq. 5) 

𝑐𝑊𝐽_𝑂𝐻 = 𝑐𝑤𝑎𝑡𝑒𝑟𝑗𝑒𝑡  ×  𝑂𝐻𝑤𝑎𝑡𝑒𝑟𝑗𝑒𝑡          (Eq. 6) 

𝑐𝑤𝑎𝑡𝑒𝑟𝑗𝑒𝑡 = 𝑝𝑓𝑜𝑟𝑚  ×  𝐶𝑅𝑤𝑎𝑡𝑒𝑟𝑗𝑒𝑡             (Eq. 7) 

𝑐𝑝𝑙𝑎𝑡𝑒 = 𝑉𝑠𝑡𝑜𝑐𝑘  ×  𝐷𝑇𝑖_64  × 𝑃𝑇𝑖_64    (Eq. 8) 

Stock mass for rectangular and circular bar stock is estimated based on cross-

sectional area multiplied by the longest dimension. The cost rate was developed based on 

a regression model that was developed from current market data. 

(3) Rectangular & Circular Bar Stock: 

𝐶𝐵𝑆_𝑇𝑂𝑇𝐴𝐿 = 𝑐𝑏𝑎𝑟𝑠𝑡𝑜𝑐𝑘 +  𝑐𝑠𝑎𝑤_𝑡𝑜𝑡𝑎𝑙              (Eq. 9) 

𝑐𝑠𝑎𝑤_𝑡𝑜𝑡𝑎𝑙 = 𝑐𝑠𝑎𝑤 +  𝑐𝑠𝑎𝑤_𝑂𝐻             (Eq. 10) 

𝑐𝑠𝑎𝑤_𝑂𝐻 = 𝑐𝑠𝑎𝑤  ×  𝑂𝐻𝑠𝑎𝑤          (Eq. 11) 

𝑐𝑠𝑎𝑤 = 𝑑𝑐𝑢𝑡 × 𝑐𝑠𝑎𝑤_𝑡𝑜𝑡𝑎𝑙     (Eq. 12) 

𝑐𝑏𝑎𝑟𝑠𝑡𝑜𝑐𝑘 = 𝑉𝑠𝑡𝑜𝑐𝑘  ×  𝐷𝑇𝑖_64  × 𝐶𝑅𝑏𝑎𝑟𝑠𝑡𝑜𝑐𝑘          (Eq. 13) 
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𝐶𝑅𝑏𝑎𝑟𝑠𝑡𝑜𝑐𝑘 = 𝐶𝑆𝐴𝐵𝑆
2 − (0.016)𝐶𝑆𝐴𝐵𝑆 + 49            (Eq. 14) 

The cost of forgings is calculated based on a regression model that was developed 

from proprietary industry data, and uses finished mass of the component as an input. 

Accurate estimation of forging cost relies on accurate estimation of forging volume, which 

is a difficult task [57], [85]. Using a parametric model based on historical data for Ti6-4 is 

presently the best option since stock mass is not required. Similar to forging, cost of 

extrusion forms are also based on a regression model that was developed from proprietary 

data. However, it still uses stock mass of the extrusion as an input. 

Regression models in this case are more accurate as forgings and extrusions are 

usually purchased from other manufacturers. Feature-based and operation-based 

approaches are unable to accurately model this process due to the lack of available data. 

Statistical analysis provides another feasible solution. Importantly, stock mass is calculated 

similarly to bar stock mass. Since extrusions have complex features (e.g., thin wall, 

cavities), the amount of stock material required is less than a similar bar stock material 

form. The regression models for forging and extrusion also account for tooling costs. 

(4) Precision Forgings: Not shown (proprietary data, see Malshe et al. [86]). 

(5) Complex Extrusions: 

𝐶𝐸𝑋𝑇_𝑇𝑂𝑇𝐴𝐿 = 𝑐𝑒𝑥𝑡 + 𝑐𝑒𝑥𝑡_𝑡𝑜𝑜𝑙𝑖𝑛𝑔              (Eq. 15) 

𝑐𝑒𝑥𝑡_𝑡𝑜𝑜𝑙𝑖𝑛𝑔 = 𝑐𝑒𝑥𝑡  ×  𝑂𝐻𝑒𝑥𝑡_𝑡𝑜𝑜𝑙𝑖𝑛𝑔              (Eq. 16) 

𝑐𝑒𝑥𝑡 = 𝑚𝑒𝑥𝑡  × 𝐶𝑅𝑒𝑥𝑡                (Eq. 17) 

𝑚𝑒𝑥𝑡 = 𝑉𝑠𝑡𝑜𝑐𝑘  ×  𝐷𝑇𝑖_64     (Eq. 18) 

Finally, the cost of near-net printed forms is estimated using the wire-feed 

deposition cost model, and requires finish mass as an input to calculate the cost of wire 
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feedstock. In this case, finish mass is equivalent to stock mass, since additive processes 

have a 1:1 utilization of material [4]. Importantly, unless wire-feed deposition is being used 

to directly deposit material onto other subcomponents, a substrate plate is needed for 

deposition. The size of the plate is based on the 2D footprint, orientation, and mass of the 

component to be printed. Excess material is also required to build support structures for 

overhanging features [65]. 

(6) Wire Feedstock: 

𝐶𝑊𝐼𝑅𝐸_𝑇𝑂𝑇𝐴𝐿 =  𝑚𝑠𝑡𝑜𝑐𝑘 + 𝑃𝑇𝑖_64_𝑊𝐼𝑅𝐸      (Eq. 19) 

𝑚𝑠𝑡𝑜𝑐𝑘 = 𝑉𝑠𝑡𝑜𝑐𝑘  ×  𝐷𝑇𝑖_64          (Eq. 20) 

 (7) Near-Net Printed Form: See wire-feed system cost model below. 

3.4.3.2.2 Manufacturing Processes 

 Cost estimation models were developed for each type of manufacturing process 

considered, including rotary/linear friction welding (R/LFW), wire-feed deposition 

(WFD), and rough and finish milling (R/FM). Wire-feed deposition was developed based 

on proprietary data and is not shown here (see [86]). Ultrasonic inspection, a type of non-

destructive testing (NDT), is included as part of the friction welding model. 

 (1) Rotary & Friction Welding: 

The total cost of friction welding is based on labor, machine, and tooling costs. 

Labor costs are based on time for friction welding and non-destructive testing. 

𝐶𝐹𝑊_𝑇𝑜𝑡𝑎𝑙 = 𝑐𝐹𝑊_𝐿𝑎𝑏𝑜𝑟 +  𝑐𝐹𝑊_𝑀𝑎𝑐ℎ𝑖𝑛𝑒 +  𝑐𝐹𝑊_𝑇𝑜𝑜𝑙𝑖𝑛𝑔  (Eq. 21) 

𝑐𝐹𝑊_𝑙𝑎𝑏𝑜𝑟 = 𝑐𝐷𝑖𝑟𝑒𝑐𝑡_𝐿𝑎𝑏𝑜𝑟 +  𝑐𝑂𝐻_𝑇𝑜𝑡𝑎𝑙   (Eq. 22) 

𝑐𝑂𝐻_𝑇𝑜𝑡𝑎𝑙 = 𝑐𝑂𝐻_𝐹𝑊 +  𝑐𝑂𝐻_𝑁𝐷𝑇            (Eq. 23) 

𝑐𝑂𝐻_𝐹𝑊 = 𝑐𝐹𝑊  ×  𝑂𝐻𝐹𝑊        (Eq. 24) 
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𝑐𝑂𝐻_𝑁𝐷𝑇 = 𝑐𝑁𝐷𝑇  ×  𝑂𝐻𝑁𝐷𝑇         (Eq. 25) 

Different rates are used to calculate process time for rotary and friction operations. 

Process rates were determined based on surveyed literature. Regression analysis of key 

RFW and LFW process parameters (maximum displacement, frequency, forge pressure, 

burn-off distance, and weld area) was used to develop a parametric cost model to calculate 

process time. Other process inputs, like setup time and overhead multiplier, were based on 

available sources. 

𝑐𝐷𝑖𝑟𝑒𝑐𝑡_𝐿𝑎𝑏𝑜𝑟 = 𝑐𝐹𝑊 +  𝑐𝑁𝐷𝑇    (Eq. 26) 

𝑐𝐹𝑊 = 𝑡𝐹𝑊  ×  𝐶𝑅𝐿𝑎𝑏𝑜𝑟    (Eq. 27) 

𝑡𝐹𝑊 = 𝑡𝑊𝑒𝑙𝑑𝑖𝑛𝑔 +  𝑡𝐿 +  𝑡𝑈 +  𝑡𝑇𝐶   (Eq. 28) 

𝑡𝑊𝑒𝑙𝑑𝑖𝑛𝑔 = 𝐴𝑊𝑒𝑙𝑑 / 𝑃𝑅𝑊𝑒𝑙𝑑𝑖𝑛𝑔   (Eq. 29) 

Importantly, since ultrasonic inspection utilizes high frequencies to examine the 

entire part geometry, process rate is based on mass rather than weld area. 

𝑐𝑁𝐷𝑇 = 𝑡𝑁𝐷𝑇  ×  𝐶𝑅𝐿𝑎𝑏𝑜𝑟    (Eq. 30) 

𝑡𝑁𝐷𝑇 = 𝑚𝑇𝑜𝑡𝑎𝑙  / 𝑃𝑅𝑁𝐷𝑇     (Eq. 31) 

𝑚𝑇𝑜𝑡𝑎𝑙 = 𝑚𝐹𝑜𝑟𝑚_1 +  𝑚𝐹𝑜𝑟𝑚_2    (Eq. 32) 

𝑚𝐹𝑜𝑟𝑚_1 = 𝑉𝐹𝑜𝑟𝑚_1  ×  𝐷𝑇𝑖_64     (Eq. 33) 

𝑚𝐹𝑜𝑟𝑚_2 = 𝑉𝐹𝑜𝑟𝑚_2  ×  𝐷𝑇𝑖_64    (Eq. 34) 

Although capital costs, like machine and tooling, are considered in the systems-

level models, the they are allocated based on time in process-level models. System models 

use capital costs to investigate long-run financial returns based on a certain level of 

investment in machines and tooling. R/LFW process models allocate total capital costs for 

each product based on the amount of time that capital is utilized. Machine availability (MA) 
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is a ratio that represents reliability of the process, or the time machines are actually up and 

running. MA escalates machine cost allocated per product based on reliability of the 

manufacturing process. 

𝑐𝐹𝑊_𝑀𝑎𝑐ℎ𝑖𝑛𝑒 = [ (𝐶𝐶𝑀𝑎𝑐ℎ𝑖𝑛𝑒/ 𝑙𝑀𝑎𝑐ℎ𝑖𝑛𝑒)  × 𝑡𝑊𝑒𝑙𝑑𝑖𝑛𝑔 ]  ⁄ 𝑀𝐴  (Eq. 35) 

𝑀𝐴 =  𝑈𝑀𝑎𝑐ℎ𝑖𝑛𝑒  𝑇⁄     (Eq. 36) 

𝑐𝐹𝑊_𝑇𝑜𝑜𝑙𝑖𝑛𝑔 = 𝑐𝑇𝑜𝑜𝑙𝑖𝑛𝑔 +  𝑐𝑇𝑜𝑜𝑙𝑖𝑛𝑔_𝑂𝐻  (Eq. 37) 

𝑐𝑇𝑜𝑜𝑙𝑖𝑛𝑔 = [ (𝐶𝐶𝑇𝑜𝑜𝑙𝑖𝑛𝑔/ 𝑙𝑇𝑜𝑜𝑙𝑖𝑛𝑔)  × 𝑡𝑊𝑒𝑙𝑑𝑖𝑛𝑔 ]  ⁄ 𝑀𝐴 (Eq. 38) 

𝑐𝑇𝑜𝑜𝑙𝑖𝑛𝑔_𝑂𝐻 = 𝑐𝑇𝑜𝑜𝑙𝑖𝑛𝑔 ×  𝑂𝐻𝑇𝑜𝑜𝑙𝑖𝑛𝑔   (Eq. 39) 

 (2) Wire-feed AM: Not shown (proprietary data, see Malshe et al. [86]). 

 Total milling cost is calculated based on total roughing and finish operations 

needed, as well as the allocated capital costs of machine and tooling, based on process time. 

The distinction between the amount of rough and finish milling is based on the amount of 

material needed to be removed and the speed of removal (i.e., material removal rate, MRR). 

 (3) Rough & Finish Milling: 

𝐶𝑀𝐼𝐿_𝑇𝑜𝑡𝑎𝑙 = 𝐶𝑀𝐼𝐿_𝑅𝑜𝑢𝑔ℎ +  𝐶𝑀𝐼𝐿_𝐹𝑖𝑛𝑖𝑠ℎ +  𝐶𝑀𝐼𝐿_𝑀𝑎𝑐ℎ𝑖𝑛𝑒 +  𝐶𝑀𝐼𝐿_𝑇𝑜𝑜𝑙𝑖𝑛𝑔 (Eq. 40) 

Finish milling is responsible for producing the final (net) geometry of monolithic 

components. Design inputs, such as surface area, and finish and stock volume, have a direct 

effect on the amount of rough and finish milling required. Parts with features like thin walls 

or minimal surface roughness, require more finish milling, thus increasing cost. In some 

cases, like near-net printed forms, only finish milling operations are required. 

𝐶𝑀𝐼𝐿_𝑅𝑜𝑢𝑔ℎ = 𝑡𝑇𝑜𝑡𝑎𝑙_𝑅𝑜𝑢𝑔ℎ  ×  𝐶𝑅𝑀𝐼𝐿   (Eq. 41) 

The cost rate for milling represents the shop rate. The behaviour of the integrated 

manufacturing system is representative of a job shop. Shop rates are aggregated costs 
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intended to capture labor, overhead and administrative costs. In contrast to the R/LFW cost 

model, overhead costs are only calculated for tooling. 

𝑡𝑇𝑜𝑡𝑎𝑙_𝑅𝑜𝑢𝑔ℎ = 𝑡𝑅𝑜𝑢𝑔ℎ  ×  [ ( 𝑡𝑆 + 𝑡𝐿 + 𝑡𝑈 +  𝑡𝑇𝐶  )  2⁄  ] (Eq. 42) 

𝑡𝑅𝑜𝑢𝑔ℎ = 𝑉𝑅𝑅𝑜𝑢𝑔ℎ / 𝑀𝑅𝑅𝑅𝑜𝑢𝑔ℎ   (Eq. 43) 

Additionally, setup, load, unload, and tool change time are process inputs based on 

stock mass of the finished part. Specific mass ranges correspond to low, medium, and high 

values. Other process inputs, like setup time and overhead multiplier, were based on 

available sources. 

𝐶𝑀𝐼𝐿_𝐹𝑖𝑛𝑖𝑠ℎ = 𝑡𝑇𝑜𝑡𝑎𝑙_𝐹𝑖𝑛𝑖𝑠ℎ  ×  𝐶𝑅𝑀𝐼𝐿    (Eq. 44) 

𝑡𝑇𝑜𝑡𝑎𝑙_𝐹𝑖𝑛𝑖𝑠ℎ = 𝑡𝐹𝑖𝑛𝑖𝑠ℎ  ×  [ ( 𝑡𝑆 +  𝑡𝐿 +  𝑡𝑈 +  𝑡𝑇𝐶  )  2⁄  ] (Eq. 45) 

𝑡𝐹𝑖𝑛𝑖𝑠ℎ = 𝑉𝑅𝐹𝑖𝑛𝑖𝑠ℎ / 𝑀𝑅𝑅𝐹𝑖𝑛𝑖𝑠ℎ   (Eq. 46) 

Feature-based cost modelling drives the estimation of milling cost. Surface area, 

which corresponds to 2D part topology, and roughing tolerance are used to calculate the 

amount of material that needs to be removed by finish milling. 

𝑉𝑅𝑅𝑜𝑢𝑔ℎ = 𝑉𝑅𝑇𝑜𝑡𝑎𝑙  −  𝑉𝑅𝐹𝑖𝑛𝑖𝑠ℎ   (Eq. 47) 

𝑉𝑅𝑇𝑜𝑡𝑎𝑙 = 𝑉𝑆𝑡𝑜𝑐𝑘  −  𝑉𝐹𝑖𝑛𝑖𝑠ℎ    (Eq. 48) 

𝑉𝑅𝐹𝑖𝑛𝑖𝑠ℎ = 𝑆𝐴 × 𝑡𝑜𝑙𝑅𝑜𝑢𝑔ℎ    (Eq. 49) 

𝑡𝑇𝑜𝑡𝑎𝑙 = 𝑡𝑅𝑜𝑢𝑔ℎ +  𝑡𝐹𝑖𝑛𝑖𝑠ℎ    (Eq. 50) 

Additionally, capital costs, including machine and tooling, are calculated use the 

same equations as those used for R/LFW. The models are redundant, and are not shown. 

3.4.3.2.3 System-Level Analysis Equations 

 Based on a given alternative manufacturing plan, system-level implementation 

equations can be used to predict the investment cost of pursuing a manufacturing process. 
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Based on the parts desired to be manufactured, the set of material forms and AAJPs is 

known. All times associated with a process calculated before (set-ups, load, unload, active) 

are summed and multiplied over the average annual demand for the product. This provides 

the total process time required to manufacture the desired part. 

𝑡𝑇𝑜𝑡𝑎𝑙_𝑃𝑟𝑜𝑐𝑒𝑠𝑠 = ∑ 𝑡𝑗𝑖  ×  𝐴𝐷𝑖𝑗𝑖      (Eq. 51) 

(j = process, i = part)     

Using the times calculated, we are able to compute the number of machines 

required to manufacture the part or set of parts given a total number of manufacturing hours 

() and a planned maintenance rate () which would be represented as a percentage of time 

lost to maintenance. Additionally, this calculation takes in a utilization limit which prevents 

machines from going over that utilization limit when performing this calculation. 

𝑛𝑀  =  𝑡𝐴  ×  𝑈 × (1 −  𝑀𝑅)  𝑡𝑇𝑜𝑡𝑎𝑙_𝑃𝑟𝑜𝑐𝑒𝑠𝑠  ×  𝐴𝐷⁄  (Eq. 52) 

To attain the annual savings, the total cost for manufacturing the part with the alternative 

plan is compared to a baseline of current manufacturing practices (generally traditional 

machining). This annual savings will serve as incoming cash flow for economic analysis.  

𝐴𝑛𝑛𝑢𝑎𝑙 𝑆𝑎𝑣𝑖𝑛𝑔𝑠 = 𝐶𝑏 − 𝐶𝑎    (Eq. 53) 

The outgoing cash flow will incorporate the initial capital cost of machines required to 

produce the set of parts. The capital costs for each manufacturing plan takes in the cost of 

a machine for a process and sums the cost based on how many machines are required. 

𝐶𝐶 =  ∑ 𝑐𝑀𝑎𝑐ℎ𝑖𝑛𝑒 ∗ 𝑛𝑀𝑅𝑝     (Eq. 54) 

Equations used for NPV, payback period, and ROI are as follows (r = discount rate): 

𝑁𝑃𝑉 = [ ∑
𝐴𝑛𝑛𝑢𝑎𝑙 𝑆𝑎𝑣𝑖𝑛𝑔𝑠

( 1+𝑟 )𝑡
𝑇
𝑡=0  ] − 𝐶𝐶        (Eq. 55) 

𝑃𝑃 =  𝐶𝐶  𝐴𝑛𝑛𝑢𝑎𝑙 𝑆𝑎𝑣𝑖𝑛𝑔𝑠⁄     (Eq. 56) 
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𝑅𝑂𝐼 = [ ( 𝐴𝑛𝑛𝑢𝑎𝑙 𝑆𝑎𝑣𝑖𝑛𝑔𝑠𝑖  ×  𝑌 )  −  𝐶𝐶 ]  𝐶𝐶⁄    (Eq. 57) 

3.5 RESULTS & DISCUSSION 

 In order to determine the techno-economic impacts of AAJPs for aerospace 

applications, a representative case study was developed to apply the evaluation tool. Cost-

optimal manufacturing process plans were generated based on component design 

decomposition data. Findings suggest that the development and implementation of 

integrated manufacturing systems will decrease the total production cost of monolithic 

aerospace components. The identified cost-optimal process plans also provide the greatest 

return on investment. Overall, results seem to justify investment in AAJPs, and also 

indicate immediate pathways for technology insertion.  

Findings from previous research were also validated using the new system. 

Furthermore, the effect of process selection constraints on the generation of optimal results 

was investigated. Finally, system-level techno-economic impacts were explored based on 

a product mix that included the identified optimal-process plans, and a new set of cost 

inputs, like annual demand and tooling cost. The following section describe the test 

components that were selected and provides additional details concerning the 

manufacturing inputs database, including the set of available material forms and AAJPs. 

3.5.1 Manufacturing Inputs Database 

In order to generate the required design input information, three test components 

(Figure 11) were selected, and every potential design decomposition alternative was 

identified based on 3D model file data.  Decomposition data provide the number of 

subparts, the sequence of assembly, and other design inputs (e.g., surface area or finish 

volume) for each alternative [32]. The decomposition process is automated and produces 
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thousands of possible alternatives. The integration of the process selection algorithm and 

cost estimation has enabled the rapid evaluation of all potential combinations of material 

forms and AAJPs. 

The selected components represent commonly manufactured aerospace products 

used for construction of aircraft metal bodies. Some examples include airframe structural 

components, including landing gear tracks, support or connection brackets, wing ribs, 

spars, stringers and other monolithic parts. Due to the physical and material properties 

required for aerospace applications, the material selected for such products must have a 

low density, provide a high amount strength, and also must perform as expected in elevated 

temperatures. 

 

Figure 11: Table describes the selected test components, including finish mass, physical 

dimensions, and buy-to-fly (BTF) based on “hogging-out” a billet or blank of Ti6-4. 

Ti-6Al-4V (Ti6-4) is known as the “workhorse” material of the aerospace industry 

– it is particularly suited for aerospace applications due to exceptional properties, such as 

a high strength-to-weight ratio. It accounts for nearly 50% of all titanium components used 

Component “Claw”Bracket Spring Beam “L” Bracket

Finish Mass (kg) 38.49 20.87 1.21

L x W x H (in.) 14 x 12 x 10 36 x 6 x 4 2.76 x 6.42 x 4.45

BTF Ratio 3.17 3.01 4.64
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for producing critical aircraft components [70]. Therefore, Ti6-4 was selected as the 

material for the test components, and subsequently, appropriate data were added to the 

manufacturing database. 

Table 7: Manufacturing inputs database – design information. 

Design Inputs Source 

Finish Volume per subpart (cm3) 

 [32] 

Stock Volume per form (cm3) 

Weld Area joining face (cm2) 

Surface Area per subpart (cm2) 

2D Perimeter profile (cm) 

 

Table 8: Manufacturing inputs database – material and labor information. 

Material Inputs Source 

Selected Material Ti-6Al-4V   

Density 4.43 g/cm3 [43] 

Market Price  $65.00  USD / kg [87] 

Forging Tolerance 0.5 multiplier [85] 

Extrusion Cost Rate $165.00  USD / kg [79] 

Labor Inputs Source 

Labor Rate  $23.13  USD / h [40] 

Labor Overhead 1.15   [41] 

 

Furthermore, in order to create a representative case for aerospace applications, 

industry data from public and private sources was used to develop the study. Data was 

collected based on relevance to manufacturing within the industry, including consideration 

of commonly used raw material forms (e.g., water-jet plates), feasible manufacturing 

processes (e.g., rotary friction welding), and established cost estimation methods (e.g., 

feature-based modeling). Subsequently, a manufacturing inputs database (Table 7Table 9) 
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was developed to support the selection algorithm form and cost estimation models. The 

database contains design, material, and process inputs that drive the generation of cost-

optimal manufacturing process plans. Some inputs, such as those based on proprietary data, 

have been modified or omitted. 

Table 9: Manufacturing inputs database – process information. 

Process Inputs 
Source 

Rotary and Linear Friction Welding 

Welding OH 0.5 multiplier [41] 

NDT Rate 0.2 kg / min [88] 

Machine Cost (RFW)  $520,000  USD 

[38] 

Machine Cost (LFW) $2,000,000  

Machine Life 10 years 

Tooling Cost  $15,000  USD 

Tooling Life 2.5 years 

Wire-Feed Additive Manufacturing Source 

Process Rate 1.250 kg / h 

[81] Machine Cost  $145,000  USD 

Machine Life 5 years 

Rough and Finish Milling Source 

MRR (Rough) 35.00 cm3/min 
[47] 

MRR (Finish) 2.35 cm3/min 

Roughing Tolerance 0.01 cm [30] 

Machine Shop Rate $225.00 USD / h [41] 

Machine Cost $100,000 USD 

[47] 
Machine Life 10 years 

Tooling Cost  $500,000  USD 

Tooling Life 10 years 

 

Water-jet plates have near-net prismatic geometry, and are categorized by cutting 

perimeter, surface area, and thickness. Precisions forgings have near-net geometry and are 

categorized by part mass. Complex extrusions are near-net forms that are characterized by 

length, cross-sectional area, die silhouette. Bar stock can be cylindrical or rectangular, and 



71 
 

 

is also categorized by length and cross-sectional area. Finally, wire-feed deposition 

requires additive feedstock in the form of welding wire, and usually categorized by 

chemical composition [81]. 

 

Figure 12: Manufacturing inputs database – the set of available material forms and 

AAJPs [37]. 

Following the selection of material forms, the lowest cost joining or additive 

operation is selected for each pair of subparts. The manufacturing database also includes 

the set of available manufacturing processes, namely AAJPs. Based on a review of 

commonly used processes within the aerospace industry, two types of friction welding and 

one additive process were selected. Both rotary and linear friction welding (RFW, LFW) 

have been used for aerospace applications, and both processes are widely available from a 
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number of Tier 1 suppliers, such as Manufacturing Technology, Inc. Additionally, interest 

in wire-feed deposition (WFD) has been growing within the industry. A few niche 

applications have demonstrated feasibility for aerospace applications (e.g., satellite 

propellant tank), and equipment is readily available from suppliers, like Sciaky, Inc. Since 

the process is based on traditional arc welding, machines and materials are affordable and 

widely-available. Therefore, RFW, LFW, and WFD were selected as the set of available 

AAJPs – the relevant data was added to the manufacturing inputs database. 

Additionally, rules based on process capabilities limit the selection of processes 

(Table 10). Constraints were identified based on geometric, quality, machine and process 

factors – the selection of feasible forms and processes is only limited by current technology. 

For example, the selection of RFW is limited to circular geometry, therefore RFW can only 

be selected if one of the subparts (out of a pair to be joined) has a circular weld face and 

cross-sectional profile, such as cylindrical bar stock. Moreover, the selection of LFW is 

constrained by maximum allowable weld area, due to current issues with qualifying weld 

areas greater than 51.6 square cm. 

Table 10: Selection constraints based on identified process limitations. 

AAJP Selection Constraints Source 

RFW Welding Surface Profile Geometry Circular [17] 

LFW Welding Surface Max. Area  51.6 cm2 [38] 

WFD Substrate Plate Thickness 2.54 - 15.24 cm [81] 

 

Finally, WFD is constrained based on the minimum and maximum thickness of the 

substrate plate. For example, depositing a pool of hot metal generates localized heating 

around the weld area. This heat affected zone (HAZ) can negatively influence the quality 
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of the fabricated part [89]. So a minimum thickness is required to prevent failure of the 

substrate plate and ensure part quality. Larger plates are difficult to handle and for wire-

feed systems, for example more energy is expended in moving build platform stage [65]. 

Therefore, there is a limit on substrate thickness. 

Importantly, when an alternative is being evaluated, if a constraint is violated, then 

that process cannot be selected for the pair of subparts and that option is eliminated. 

Additionally, for joining operations, the smaller subpart is assumed to be attached to the 

larger one, and the size of the weld area, i.e., faying surface, is based on the smaller subpart. 

This is based on the assumption that the cost of tooling is minimized, i.e., the size of the 

clamping area and the mass of the component are reduced, which affects the amount of 

energy required to rotate or oscillate the workpiece, and also the size of tooling required. 

3.5.2 Test Results 

 Based on the selected test components, cost-optimal manufacturing process plans 

were developed. Of the solutions found, the optimal alternatives utilize some combination 

of near-net material forms and AAJPs. Each alternative is compared to the “baseline” 

alternative, or nominal value. The baseline represents the traditional manufacture of 

aerospace products, i.e., subtractive processes only. The component is still produced from 

the material form which minimizes cost. Additionally, the results shown below abbreviate 

the types of material forms and AAJPS utilized – the definitions can be found in Table 11. 

 Figure 13 describes the feasible cost-optimal solutions identified for all test 

components, 48 alternatives in total. Each optimal alternative is plotted on the graph based 

on the number of subparts per component (x-axis), and the relative cost of each alternative 
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(y-axis). Relative cost for an alternative is determined by dividing the estimated cost of the 

alternative by the estimated cost the baseline. 

Table 11: Abbreviations of material forms that are used in the description of results. 

 

The relative cost is the cost of an optimal process plan in proportion to the baseline 

expressed as a percentage of baseline production cost. The baseline, best, and worst 

alternatives are indicated with a circle. For a given component, cost is determined first for 

alternatives with 1 subpart, then those with 2, and so on until the lowest cost is found. 

Therefore, alternatives that worsen are not shown. 

It appears that the largest reductions in cost are found in components with an 

average of 2-3 subparts. The best solution saved approximately 28% of cost at compared 

to the baseline, while worst solution increased cost approximately 19%. However, an 

outlier achieved maximum cost savings at 2 subparts. Further examination of this solutions 

(the “L” bracket) suggest that component geometry and number of subparts optimized the 

use of near-net forms, minimizing the amount of material, milling, and joining required. 

Cost minimization still follows the same trend as the other solutions, but geometry specific 

to the component enabled minimization at a lower number of subparts. 

 

Abr. Material Form

WJP Water-Jet Plate

FOR Precision Forging

EXT Complex Extrusion

RBS Rectangular Bar Stock

CBS Cylindrical Bar Stock

NNP Near-Net Printed Forms

WFS Wire (Additive Feedstock)
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Figure 13: The number of subparts versus relative cost for all identified optimal 

manufacturing plans. The baseline (100%), best, and worst alternatives are indicated. 

3.5.2.1 System Improvement Analysis 

Before examining the test components, a previously examined test part was 

reevaluated in order to further validate the feasibility of the developed approach and new 

developments (Figure 14). The conceptual process planning methodology employed within 

the evaluation tool was first developed in previous research [86]. Feasibility of the 

approach was evaluated using monolithic 3D models to generate process plans based on a 

limited number of decomposition alternatives, and findings provided validation for the 

developed approach. Currently, the method has been expanded and improved. Figure 14 

summarizes the results based on the baseline and optimal alternatives, and then the 

“previous” and “current” approaches. Besides production cost, additional metrics are 

included, and the type and number of material forms and AAJPs are also given. Subparts 
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are labeled A or B, which corresponds to the material forms listed. AAJPs are also listed, 

with a number in parentheses indicating the number of operations required. 

 

Figure 14: Comparing the “previous” and “current” approaches based on the same 

component. 

It appears that the new system also identified the same solution as before, but at a 

significantly lower cost. In this case, the addition of near-net forms to the manufacturing 

database enabled LFW to remain an economically viable option (a previously identified 

limitation). Notably, the “previous” approach included powder-bed fusion (PBF) within 

the set of available AAJPs, which has been replaced by WFD in the “current” approach. 

While the “previous” approach generates significantly less waste, it takes significantly 

longer. PBF is technologically infeasible due to slow build rates and small build volumes. 

In contrast, it appears that the “current” solution is very cost-effective, and the trade-off in 

Current Previous Current

Ti-6Al-4V

$361.69

none

22 %

1.25 hr.

1

RBS

none

Al 6061

$832.29

45 %

77 %

5.01 hr.

2

Plate (A)

FS (B)

PBF

Ti-6Al-4V

$250.56

31 %

38 %

0.95 hr.

2

RBS (A)

RBS (B)

LFW

A

B

Previous

Material:

Minimum Cost:

Cost Savings:

Mat. Utilization:

Process Time:

Subparts:

Material Forms:

AAJPs:

Al 6061

$1522.63

none

22 %

0.44 hr.

1

Plate

none

Baseline Optimal



77 
 

 

terms of process time is acceptable (~30 min.). In the end, both approaches identified the 

same cost-optimal solution, albeit with a better combination of near-net material forms and 

AAJPs. 

3.5.2.2 Summary of Results 

 A summary of results is present below for all three test components. Metrics for 

each alternative are listed below a 3D model that highlights each subpart. Each subpart is 

labeled A, B, C, or D, which corresponds to the material forms listed. AAJPs are also listed, 

with a number in parentheses indicating the number of operations required. Other metrics, 

such as BTF and process time, are also provided. Importantly, subparts are usually joined 

or added in alphabetical order, with the second subpart added to the first and so on. For 

example, B is joined to A, then C to AB, and finally D to ABC. ABCD represents the 

assembled near-net component, while AB and ABC represent subassemblies. 

Figure 15 summarizes the results for test component 1, the “claw” bracket. It 

appears that the best solution, as compared to the baseline, results in an 8.1% decrease in 

cost. The optimal solution requires 3 subparts (all three RBS) and 2 joining operations 

(both LFW). Notably, alternatives 2 and 3 also result in cost savings, but significantly 

improve material utilization. This is probably due to the use of use of multiple near-net 

forms, such as wire for WFD. Overall, the alternatives all employed no less than three 

subparts. Additionally, it appears that the additional number of subparts and manufacturing 

steps added process time. Importantly, the identified process plans decreased production 

cost while improving material utilization. Moreover, each plan utilizes a cost-effective 

combination of near-net forms and AAJPs, for example, alternative 2 utilizes four subparts 

and two distinct types of material forms (RBS, WFS) and processes (LFW, WFD). Overall, 
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the set of solutions requires three different types of material forms and two different types 

of AAJPs. 

 

Figure 15: Summary of results for test component 1 (“claw” bracket). 

 

Figure 16: Summary of results for test component 2 (spring beam). 
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---
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Figure 16 summarizes the results for test component 2, the spring beam. Again, 

metrics for each alternative are listed below a 3D model that highlights each subpart. The 

best alternative solution, as compared to the baseline, decreases cost by 10.4% and also 

improves material utilization as well. The optimal solution requires 3 subparts, each a 

different type of material form (CBS, RBS, WFS), and 2 joining operations (RFW and 

WFD). Alt. 2 and 3 also result in cost savings and improvements in utilization. The best 

alt. and alt. 2 are very similar in terms of cost and material utilization, and also share 2 of 

the same subparts and material forms. The added cost of joining in alt. 2 is not affected by 

the reduction in the amount of material required. Similar to component 1, process time 

increased. 

Interestingly, WFD appears in two alternatives for the same feature (best alt. 

subpart C, alt. 2 subpart D). The feature protrudes from the side of the component 

increasing thickness in a localized area of the part. The design feature unnecessarily 

increases the amount of material required for the whole part. The feature is intuitively a 

good candidate for additive manufacturing, clearly in agreement with the results. Overall, 

the identified process plans decreased total production cost while improving material 

utilization. Furthermore, each developed plan utilizes a cost-effective combination of near-

net forms and AAJPs. For example, the best alt. requires three distinct types of material 

forms and two separate AAJPs. 

Figure 17 summarizes the results for test component 1, the “L” bracket. The best 

solution, as compared to the baseline, results in an 28.3% decrease in cost – the largest 

savings in cost identified for all components. The best alternative utilizes 2 subparts (both 

RBS) and 1 joining operation (LFW). Notably, alternatives 2 and 3 also result in significant 
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cost savings, and also improve material utilization. Interestingly, the compact and prismatic 

geometry of the component seems to be highly compatible with RBS and LFW – all three 

alternatives utilize a combination of both, and vary based on number of subparts. 

Furthermore, process time decreased for three alternatives. 

 

Figure 17: Summary of results for test component 3 (“L” bracket). 

Notably, cost savings were similar between the top three alternatives. Importantly, 

the identified process plans decrease production cost while improving material utilization. 

Again, each plan utilizes a cost-effective combination of near-net forms and AAJPs. 

Interestingly, the best alternative minimized cost, waste, and process time. Overall, the set 

of solutions require only one type of material form and AAJPs. 

Figure 18 provides additional results for test component 3. Material, combined 

AAJP, and milling cost are shown according to relative cost. Costs are provided for each 

alternative, including the baseline. For example, the cost of material is approximately 31% 
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of the total cost of the baseline. Notably, since component 3 utilized LFW in each optimal 

alternative, AAJP costs are similarly distributed. In fact, costs are similarly distributed for 

the other two components as well. An examination of the alternatives reveals that the total 

production cost for the alternatives is very similar. Given the similarity of the developed 

process plans (i.e., forms and processes), the similar distribution of costs make sense. 

Interestingly, the relative of cost of milling increased for the alternatives, as compared to 

the baseline, while material cost decreased. 

 

Figure 18: Cost breakdown chart – test component 3. 

 

3.5.2.3 Infeasibility Sensitivity Analysis  

The results provided above are based on previously identified selection criteria. In 

order to examine the sensitivity of the results to these constraints, the test components were 

revaluated and new results were produced based on the same inputs. Figure 12 summarizes 

the results for each of the best alternatives for each component. More cost-effective 

solutions were found for both the “claw” bracket and spring beam. The “claw” bracket 



82 
 

 

saved approximately 61% of cost, while the spring beam saved nearly 20%, an increase 

from 8 and 10%, respectively. Material utilization also improved, and process time was 

nearly cut in half for both components. 

Notably, the removal of the LFW constraint enabled the “claw” bracket to take 

advantage of mostly prismatic geometry, utilizing four joining operations, and significantly 

reducing milling costs. Additionally, WFD was no longer limited to only plates as 

substrates, and the optimal alternative utilizes WFD to directly fabricate subpart B onto 

subpart A, a CBS. 

 

Figure 19: The number of subparts versus relative cost for all identified infeasible 

manufacturing plans. On average, the largest savings in cost improve when constraints 

are relaxed. 

Interestingly, the optimal alternative identified for the “L” bracket did not change. 

The optimal solution was found more rapidly, i.e., at a lower number of subparts, than the 
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other components. Overall, the analysis revealed 12 solutions that were more cost-effective 

than the best solution obtained for the feasible alternatives. A minimal cost of is 

approximately 40% is achieved at 5 subparts. It appears that relaxing the constraints 

generated better results. 

 

Figure 20: The number of subparts versus relative cost for all identified infeasible 

manufacturing plans. On average, the largest savings in cost improve when constraints 

are relaxed. 

3.5.2.4 System-Level Analysis 

A system-level techno-economic analysis was performed using the test components 

identified for the process-level study. Table 12 provides the relevant input data for each 

component, including hypothetical average annual demand. The developed manufacturing 

process plans were used as an input to determine production requirements, including the 

number of machines required for a particular process. Different scenarios were 

investigated, costs were evaluated, and the best alternative was identified. Evaluation 
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metrics used include annual savings, payback period, net-present value (NPV), and return 

on investment (ROI). 

3.5.2.4.1 System-Level Inputs 

Table 12: Parts, dimensions, and annual demands considered for system-level analysis. 

Test Component 
Dimensions 

(inches) 
Demand 

(Parts/Year) 

“Claw” Bracket 14 x 12 x 10 2000 

Spring Beam 4 x 12 x 10 1500 

“L” Bracket 6.5 x 2.75 x 4.5 1000 

 

Table 13: Selected manufacturing process plans for system-level analysis. 

Components Material Forms AAJPs Cost / Part Time / Part 

“Claw” 

Bracket 

RBS (1) - $7,084 21.8 hr. 

RBS (2) LFW (2) $6,517 24.45 hr. 

Spring Beam 

WJP N/A $3,914 12.8 hr. 

WJP, CBS, WFS RFW, WFD $3,516 13.79 hr. 

WJP, CBS RFW $3,787 13.65 hr. 

WJP LFW $3,825 13.87 hr. 

“L” Bracket 
FOR - $443 1.1 hr. 

RBS (2) LFW $343 1.76 hr. 

 

Three scenarios were developed to evaluate the optimal alternatives, and the 

baseline optimal alternative was used for comparison. Scenario include “baseline,” “no 

additive,” and “linear friction welding only.” The optimal production plan combines the 

optimal process plan for each component. The “no additive plan” uses the optimal from 

the “claw” bracket and “L” bracket, but uses rotary friction welding for the spring beam. 

The “linear friction welding only” plan will consider the optimal plan for the “claw” 

bracket and the “L” bracket, but will use the “linear friction welding only” option for the 

spring beam. 
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A utilization limit of 90%, a total annual time of 5850 hours, and a 20% 

maintenance rate were assumed based on available sources. NPV and ROI are both 

calculated based on a 10-year period. NPV uses a depreciation rate of 10% and will have 

“0” salvage value at the end period. Additionally, capital costs for the machines selected 

for each process are found in Table 14. It is also assumed that a traditional gas metal arc 

welding (GMAW) machine can be converted and repurposed for wire-feed systems. Also, 

it is assumed that milling machines can be repurposed, meaning the machines do not incur 

capital costs. 

Table 14: Capital cost of required machines. 

Machine Capital Cost 

LFW (medium) $2,000,000 

RFW (small) $520,000 

Wire-Feed Additive System $145,000 

Ultrasonic NDT $102,500 

 

3.5.2.4.2 Summary of Results 

 Based on the inputs, the number of machines required for each manufacturing plan 

is calculated. Adding the total amount of process time for each part at each process gives 

us the required time needed to produce each component. When compared to the available 

time with factored usability limits and scheduled maintenance, we can determine the 

number of machines required. Based on the optimal manufacturing process plans, this 

includes 13 milling machines, 1 linear friction welding machine, 1 rotary friction welding 

machine, 1 wire-arc additive system, and 3 ultrasonic non-destructive testing systems. 

Compared to the “no additive” and “linear friction welding” plan, which require 14 mills 

and 3 non-destructive testing machines each. Additionally, the “no additive” plan requires 
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only 1 linear friction welding machine and 1 rotary friction welding machine, while the 

“linear friction welding” plan requires 1 linear friction welding machine. 

Based on the identified mix of machines for each scenario, capital costs were 

calculated. Results show that the scenario based on the optimal process plans was the best 

option based on annual savings, payback period, NPV and ROI. While the “no additive” 

option improved annual savings, it has a low NPV and has a 10-year ROI rate that is 100% 

lower than the next best option. The results are summarized in Table 15. 

Table 15: Payback period, NPV, and ROI analysis summary. 

Mfg. Plan Annual 

Savings 

Capital 

Cost 

Payback 

Period 

NPV 

(10-year) 
ROI 

(10-Year) 

Optimal $1,831,309 $2,767,500 1.62 yr. $8,484,101 562% 

No Additive $1,425,058 $2,622,500 1.98 yr. $6,133,864 443% 

LFW Only $1,367,823 $2,102,500 1.68 yr. $7,036,857 551% 

 

3.5.3 Discussion 

Several different analyses were performed to evaluate the techno-economic impacts 

of utilizing AAJPs for aerospace applications, including investigating system 

improvement, confirming the validity of previous efforts, examining the set of feasible 

solutions, identifying optimal alternatives for each component, exploring the sensitivity of 

results based on relaxing selection constraints, and finally, understanding system-level 

techno-economic impacts of the developed process plans. In general, results provide 

evidence that the utilization of AAJPs for aerospace applications can reduce total 

production cost and improve material utilization. 

The best solution identified for each component utilized some combination of near-

net material forms and AAJPs. Optimal solutions utilize a wide range of material forms 
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and combination of AAJPs, suggesting that a flexible, integrated approach is a viable 

production strategy. Clearly, evidence indicates that the integration of AAJPs within 

existing subtractive manufacturing systems could significantly reduce production cost and 

improve material utilization. Moreover, the results also suggest that immediate techno-

economic entry-points for technology insertion exist. Since representative aerospace parts 

were evaluated, results indicate current products could benefit from an integrated approach. 

Comparing the set of feasible and infeasible solutions, it appears that improving the 

technological capabilities of AAJPs may also improve results, in some cases significantly 

reducing cost. Incorporating selection constraints based on real technological limitations 

allows real process capabilities to affect cost directly. So the developed approach also 

provides a means to identify “innovation pathways” for nascent or niche manufacturing 

technologies, such as WFD or LFW. For example, many infeasible alternatives were 

identified due to the weld area constraint for LFW. This means that if the weld area 

capability is improved, many currently infeasible solutions could be realized, resulting in 

large cost savings. Interestingly, the infeasible optimal solution for component 3 was the 

same was the feasible solution. The optimal solution has 2 subparts and utilizes 2 RBS and 

2 joining operations, both LFW. Most likely, this is due to the geometry of test component 

3, which lends itself to prismatic shapes. Clearly, certain geometry is better suited for 

AAJPs. Additionally, results indicate that LFW is an attractive option when near-net forms 

are available or feasible. 

The results of the system-level techno-economic analysis also provides support for 

the developed optimal manufacturing process plans, and integrated manufacturing systems 

in general. The scenario based on the optimal mix of plans provided the greatest number 
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of savings, as well as the best NPV and ROI, despite requiring the largest amount of capital 

costs. Clearly, based on the specified levels of demand, results seem to provide justification 

for investment and development of AAJPs within traditional manufacturing systems. 

Overall, results point toward economic entry points based on component geometry, 

manufacturing process and material form.  
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3.6 CONCLUSIONS 

Currently, subtractive manufacturing systems dominate manufacturing within the 

aerospace industry, resulting in increased costs and poor material utilization. The 

integration of advanced additive and joining processes within existing subtractive systems 

enables near-net manufacturing, reducing the total cost of production. However, without 

knowledge of how best to utilize AAJPs, organizations are hesitant to commit to capital. 

Therefore, the objective of this research is to provide practicable insights into the use of 

AAJPs for aerospace applications, including, justification for large-scale adoption, 

economic entry-points, and identified improvements for current technological capabilities. 

Prior research developed a conceptual process planning (CCP) methodology for 

AAJPs. Findings demonstrated that the proposed approach was valid, however, limitations 

were also identified, and several research tasks were conducted to address these gaps and 

extend the TEA to move beyond merely justifying the use of the developed methodology, 

and provide practicable insights into the use of AAJPs for aerospace applications. 

Results provide support for implementation of AAJPs. The best solution identified 

for each component utilized some combination of near-net material forms and AAJPs. 

Optimal solutions utilize a wide range of material forms and combination of AAJPs, 

suggesting that a flexible, integrated approach is an economic and feasible production 

strategy. Specifically, contributions of this research include: 

 Application of the expanded methodology based on a developed aerospace case 

study, including evaluation of techno-economic impacts at the process and system 

level. 
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 Investigation of integrated manufacturing systems based on total production cost 

and material utilization, and justification based on cost-optimal process plan results. 

 Identification of current and future techno-economic entry-points for the rapid 

development and implementation of AAJPs within subtractive systems. 

However, there are clear limitations of this investigation. While results seem to agree 

with similar studies, such as Karunakaran et al. [21] and Ricardo [72], further validation of 

costs is obviously needed. Costs based on real production data would be most useful, 

including a larger more precise set of manufacturing inputs. Although system-level techno-

economic impacts were explored, a larger more detailed investigation of system and 

production-level effects, such as WIP and queuing, is required. Moreover, many secondary 

processes are often included during preparation or finishing, so a more thorough study 

should consider these as well. Furthermore, it was assumed that all components were 

manufacturable as prescribed by a given process plan, so issues like material properties of 

the finished component, or yield strength of welded joints, were not considered. This is 

critical to actually determine manufacturing feasibility. Finally, a large set of material 

forms, processes, and constraints would increase the scope of the study. 
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4 GENERAL CONCLUSION 

This research presents a new method to evaluate competing advanced manufacturing 

technologies and production pathways, specifically for advanced additive and joining 

processes. Chapter 2 developed a process planning methodology for AAJPs, including a 

selection algorithm, cost estimation methodology, and a manufacturing database. The 

methodology was able to develop cost-optimal manufacturing plans using a combination 

of AAJPs and subtractive methods. Results demonstrated the feasibility of the approach to 

evaluate the techno-economic impacts of AAJPs. Based on the identified limitations of the 

methodology, Chapter 3 discusses the new developments to the process planning 

methodology, including an expanded and refined manufacturing database and new cost 

estimation models. The methodology was also automated and integrated within a larger 

system, which enabled the investigation of a larger set of design alternatives. A case-study 

was also developed, based on representative aerospace inputs, to evaluate techno-economic 

impacts for the production of monolithic aircraft components, using integrated 

manufacturing systems. Subsequently, a set of cost-optimal process plans were developed 

using a combination of multiple AAJPs. Results provide justification for implementation 

of AAJPs within existing manufacturing systems and indicate potential techno-economic 

entry points. 

 Chapter 2 developed the concept that the selection of material form is a critical 

phase in the search for cost-effective process plans, especially for AAJPs. The trade-off 

between production cost and stock material guides the identification of economical 

alternatives compared to traditional subtractive manufacturing. Furthermore, results from 

both chapters indicate that near-net raw material forms are especially suitable for linear 
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friction welding applications. Additionally, Chapter 2 also used a different material than 

Chapter 3, so the cost of material limited the selection of linear friction welding. Moreover, 

while Chapter 2 uses powder-bed fusion, Chapter 3 uses wire-feed. Importantly, while 

powder-bed is capable of producing parts with excellent resolution, slow build rates and 

limited build volume do not make them ideal candidates for competing solutions. 

Therefore, wire-feed was selected as it is more suited for aerospace applications, with a 

faster build rate and large build volume. Importantly, analysis of the infeasible set of 

solutions, i.e., solutions that violated the selection constraint yet still improved in terms of 

cost, indicated the innovation pathways to advanced friction welding technology and 

achieve an even higher level of cost savings. Clearly weld area limits selection of linear 

friction welding. Results indicate that developing machines with the capability to weld very 

large areas would save approximately 80% of total production cost. 

4.1 List of Contributions 

Following are a list of contributions that were defined through the execution of this 

master’s thesis: 

 Development of a conceptual planning process methodology, including an 

integrated process selection algorithm and cost estimation model, for AAJPs. 

 Development of novel methods to constrain selection of processes based of the 

nature of additive versus subtractive processes (e.g., selection constraints based 

on technological capabilities, and selection of material form or shape before 

process). 

 Application of the developed methodology to demonstrate the feasibility of the 

proposed approach for investigating the techno-economic impacts of AAJPs. 
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 Application of the expanded methodology based on a developed aerospace case 

study, including evaluation of techno-economic impacts at the process and 

system level. 

 Investigation of integrated manufacturing systems based on total production 

cost and material utilization, and justification based on cost-optimal process 

plan results. 

 Identification of current and future techno-economic entry-points for the rapid 

development and implementation of AAJPs within subtractive systems. 

4.2 Future Work 

The method presented in this research lays the basis for evaluating the selection of 

advanced additive and joining processes. The following are a list of possibilities for future 

work built on top of this groundwork: 

 Addition of other advanced manufacturing processes, such as joining (orbit-

welding), additive (power-feed systems), forming (superplastic forming), and 

subtractive (EDM). 

 Addition of other secondary and pre- and post- manufacturing processes, such 

as turning, drilling, grinding, peening, etc. 

 Addition of other material forms, including castings, other types of forgings, 

sheets, tubes, beams, etc. (especially near-net forms). 

 Consideration of material properties and modeling evolution through the 

generated process chain – i.e., the effect of material on selection of forms, 

processes, and final properties of the finished part. Selection algorithm should 

expand to include selection of the material itself. Composability of the process 
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chain based on physical and material properties will allow modeling of 

microstructure and stress evolution based on selected process and processing 

condition. These efforts will help properly evaluate the technical feasibility of 

the proposed approach for practicable implementation. 
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